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PREFACE TO THE ENGLISH LANGUAGE EDITION 


The present work is a condensed version of one of the same title, 
published in 1937 in Russian and containing the first extensive treat- 
ment of non-linear oscillations. Messrs. Andronow and Chaikin are 
both members of the Institute of Oscillations founded about a decade 
and a half ago by the late Soviet physicist L. I. Mandelstam. The 
work of this Institute has become known to the world at large through 
Dr. N. Minorsky’s Introduction to Non-Linear \fechanics recently issued 
by the David Taylor Model Basin. The great interest evoked by this 
excellent report provided a strong incentive for making available to the 
scientific and technical public the text of Andronow and Chaikin. 
This has been made possible with the aid of the Office of Naval 
Research as part of the project on Non-Linear Differential Equations 
which it 1s sponsoring at Princeton University. 

The theory of harmonic oscillations, or oscillations of sinusoidal 
type, is well known. It is also quite elementary, since it is based upon 
linear differential equations whose explicit solutions are readily 
obtained. Unfortunately nature refuses to remain linear and repeat- 
edly presents us with non-linear oscillations, that is to say with oscilla- 
tions based upon non-linear differential equations. It is often possible 
to linearize a problem, i.e. to modify the operating assumptions so as 
to have a linear situation without causing important deviations. Thus 
the true equation of the pendulum is never linear, but for very small 
deviations (a few degrees) it may be satisfactorily replaced by a linear 
equation. In other words for small deviations the pendulum may be 
replaced by a harmonic oscillator. This ceases to hold however for 
large deviations, and in dealing with these one must consider the 
non-linear equation itself and not merely a linear substitute. 

There are then valid practical reasons for an extensive study of 
non-linear oscillations. Since their equations rarely admit an explicit 
solution, one will be forced to have recourse to various mathematical 
doctrines to obtain all possible information. The text of this book 
aims precisely to provide an introduction to this general subject. 

Much attention is paid in the book to self-excited oscillations, 
a type of self-sustained oscillations into which some physical systems 
tend to go. These oscillations may be most valuable as in the Froude 
pendulum, a clock, a vacuum tube circuit, or they may be parasitic and 
even harmful as in ship stabilizers, Prony brakes, etc. For one reason 
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or the other it is clear that their study is becoming imperative and in 
this connection the present volume will be found most useful. 

In general plan the book takes up in the first four chapters the 
theories which require the least mathematical preparation, The fifth 
chapter is mainly devoted to the presentation of the basic results of 
Poincaré and Liapounoff, without which no real progress is possible. 
These results are then apphed in various ways in the remaiming 
chapters. 

For the convenience of the reader there is a moderate bibhography 
of the most accessible books and papers. ‘There has also been pro- 
vided a reference list of the numerous practical applications treated 
in the text. A perusal of the list will show that they bear mainly upon 
vacuum tube circuits. This is due to the very practical reason that 
racuum tube experiments are far more convenient and economical 
than any others and thus most suitable as a check on the mathematical 
theory. 

The translation from the original Russian is due to Dr. Natasha 
Goldowskaja, and the general editorial work was carried out under the 
direction of the undersigned, aided by Drs, J. P. LaSalle, L. L. Rauch, 
C. i. Langenhop, and A. B. Farnell. It becaineevident quite early that 
considerable condensation, paring down and editing of the original was 
unavoidable if its value were not to be lost to the non-Russian reader. 
On repeated occasions, especially in the subject matter of Chapter V, 
the authors had developed a mathematical machinery going much 
beyond the possible applications. Jn all such cases the theoretical 
material has been scaled down to the “visible” practical requirements. 
For the same reasons many lengthy and purely theoretical discussions 
have hkewise been reduced or entirely suppressed. The suppressed 
material is either familiar to our readers or else available mn readily 
accessible publications. On the other hand the numerous practical 
examples which constitute one of the major attractions of the book 
have been scarcely touched, and generally only to ‘‘smooth out”’ thie 
mathematical treatment. Thanks to the excisions and modifications 
the book has been reduced considerably im size and at the same time 
made much more readable. Jt is hoped that in spite of this we have 
preserved all the flavor of a most interesting and important contribu- 
tion to the literature on ogseillatory phenomena. 


SOLOMON LEFSCHETZ 
Princeton University 
Princeton, New Jersey 
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THEORY OF OSCILLATIONS 


Introduction 


In every theoretical treatment of a physical phenomenon, consider- 
able idealization of the true properties is unavoidable. One may 
classify a system as linear, conservative or otherwise, as a system with 
so many degrees of freedom, etc. All such assertions are idealizations. 
Real systems are neither linear nor conservative, nor do they have a 
finite number of degrees of freedom since they cannot be described with 
absolute precision by mathematical relations. Therefore, a strict 
classification can be applied only to abstract schemes obtained from 
appropriate idealizations. 

The selection of the idealization and the elements to be omitted 
or underscored depend in each case upon the questions to be discussed. 
Take, for instance, a steel ball falling vertically on a steel plate. If 
we are mainly interested in the movement of the ball as a whole, we 
consider it as a material point moving under its own welght and whose 
velocity is reversed when the ball hits the plate. On the other hand, 
if we are interested in the elastic stresses caused by the shock in the 
ball, we must consider the ball as an elastic body with the character- 
istics of steel, take into account the nature of the deformation, the 
duration of the collision, etc. Similarly, upon neglecting friction or 
other dissipative forces, a system will be idealized as conservative. 
Needless to say, one must often consider dissipation and give up 
conservativeness. 

The usual idealizations of the simpler dynamical or electrical 
systems lead naturally to systems of differential equations. In 
systems of one degree of freedom the basic differential equation 1s of 
the second order. If possible the idealization is so selected that the 
equation is linear and with constant coefficients. A typical equation 
is the equation of motion of a mass under the action of a spring with 
friction and exterior force: 


(1) mi + 2he + kx = F(t) 


where here and throughout this book the dots denote time derivatives 
(Newton’s notation). Similarly the current 7 in a so-called F,L,C 
circuit is governed by 

: > 1. dK(t) 
2 li + Ri + —1 = —— 
2) C dt 
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where E(t) is the impressed e.m.f. If possible one will select the situ- 
ation so that in (1) the coefficients m,h,k and in (2) the coefficients 
L,R,C are constant. Ilowever, let us suppose that in (1) F = 0 or in 
(2) EF is constant, so that the equations are homogeneous. Unless 
special assumptions are introduced, one will have h # 0 in (1) or k # 0 
in (2). In natural systems this will always be the case. We will then 
have a system of the form 


(3) até + b4-+ cx = 0, abc ¥ 0. 


Now, as is well known, in such systems no permanent oscillations 
(strict periodic motions) can arise. There are, however, well-known 
physical systems, for instance circuits with vacuum tubes, in which 
there do arise permanent oscillations; the shghtest disturbance starts 
one going. These systems cannot therefore be governed by equations 
of type (8), and they force us to idealizations in which one or more of 
the coefficients a,b,c depend on x or # or both. In other words, the 
basic differential equation must be non-linear. Thus the theory of 
the vacuum tube leads to the well-known equation of van der Pol 


(4) E+ wie? —lheé+a2=0, u> QO, 


one of the simplest non-linear equations to be dealt with in the sequel. 
In general terms we may state our basic topic as the study of non-linear 
systems of one degree of freedom and related oscillations. 

Given one of our systems, the most important physical question 
is that of its steady states. It may consist of a position of equilibrium 
or of an oscillatory motion. However, neither the one nor the other 
offers much physical interest unless it has a certain degree of perma- 
nency, i.e. unless it is stable. Herein lies the reason why the question 
of stability will be repeatedly discussed in the sequel. 

Non-linear differential equations lend themselves but rarely to 
explicit computations. In spite of this we will frequently be in a posi- 
tion to say something about the general character of the solutions, and 
this information will often be most valuable. Thus while there is no 
convenient method for solving van der Pol’s equation, it is known that: 
(a) there is a unique periodic solution and it is stable; (b) every solution 
tends asymptotically to the periodic solution. These two properties 
manifestly provide most valuable practical information. 


CHAPTER I 
Linear Systems 


S1. LINEAR SYSTEMS WITHOUT FRICTION 


We initiate our study by considering a simple type of oscillatory 
system; one which 1s one-dimensional, linear, and conservative. Such 
an idealized system is approximated by a mass moving horizontally 
along a smooth bar under the action 
of two springs (Fig. 1). For small 
displacements the springs approxi- 
mate an elastic restoring force, 1.e. a 
force proportional to the displace- 
ment. We neglect air resistance and 
the interna] friction of the springs. 
Under these assumptions the equa- 
tion of motion for the idealized system 1s 


(1) mi + kx = 0, 
where x is the displacement from the equilibrium position and & is the 


spring constant (k > 0). Setting k/m = w%, we obtain the differential 
equation of a harmonic oscillator in its so-called canonical form: 

(2) é+ wir = 0. 

The corresponding electrical analogue is the simple, though again 
idealized, circuit with capacitance C and inductance L. No account 
is being taken of the energy dissipated in the 
circuit, the non-linearity of the elements, or the 
fact that the inductance and capacitance are 
distributed. In this case 


i" 


a qd 

Fig. 2. “at C ' 

and with 1/LC = «3, x = q = the charge on the capacitor, we have 
again equation (2). The results obtained for this idealized harmonic 
oscillator are limited in their application to small displacements 
(charges) and small velocities (currents), and to a description of the 
system during a limited number of oscillations. The limitation on the 
number of cycles is due to the dissipation in energy which has been 


neglected. 
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We now consider the characteristic properties of harmonic oscil- 
lators. The integral of (2) is of the form 


x = A cosSwot + B sin wot = K cos (wot + a), 
= —wo sin (wot + a). 


If x(0) = xo and 4(0) = Zo, then 


K 
(3) . 


tan a 


| 

2 

es 

+- 

| 
| 

+ 

cole 


We see that the displacement (charge) is represented by a ‘‘sinusoidal 
curve” (Fig. 3, drawn for the case a = —7/2). This “sinusoidal 
curve”’ or harmonic oscillation is characterized by the thrée quantities: 


x 


Fic. 3. 


kK, the amplitude or maximum deviation; wo, the angular frequency or 
number of oscillations during 27 seconds; and a@ the phase angle. The 
phase angle plays no important role if we are examining a single 
‘solated’’ process, since the initial time can always be so specified 
that a = 0. It is of importance however when several processes are 
considered simultaneously. When zy = 0 and 4 = 0, 1.e. when the 
oscillator is in equilibrium, K = Oandit remainsin equilibrium. Note 
also that the amplitude A is determined completely by the initial 
conditions, whereas the angular frequency wo depends only upon the 
nature of the system. Thus (3) and the equation for wo give an exact 
quantitative description of the motion of a harmonic oscillator. 


S2. THE PHASE PLANE. APPLICATION TO HARMONIC OSCILLATORS 


1. Phase space, phase plane. The general concept of a phase 
space is familiar in physics, and has been used extensively in kinetic 
‘theory of gases. Generally speaking a dynamical system with n 
degrees of freedom depends upon a certain number 7 of positional 
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coordinates qi, ‘° , ga and the state of the system at time ¢ is fixed 
by the values of the q; and of their velocities g;. We may consider the 
g:,gi a8 coordinates of a space S of 2n dimensions called the phase space 
To each state of the system there corresponds the point JZ with 
coordinates q:,g: in the space S and as ¢ varies the point Af describes a 
curve called a path, which describes the history of the system. A 
familiar and closely related concept is the world line in the theory of 
relativity. The totality of all the paths may be described as the phase 
portrait of the system. It represents all the possible histories of the 
system; any one of them is determined by a single state Jf). Geo- 
metrically speaking this merely means that there is one and only one 
path through each point of the phase space S. 

The phase portrait bears a close relation to the set of streamlines 
in what is known as a permanent (stationary) flow in hydrodynamics. 
For that reason it is often referred to as a flow in the literature, and the 
term is also extended to the dynamical system itself. 

In our particular situation we are dealing with a system with one 
degree of freedom. It depends upon a single positional coordinate x 
and its state is determined at any time ¢ by the values of x and of its 
velocity <. The phase space will then be a phase plane. It is con- 
venient to set = y, and so the state of the system is determined by 
the values of the coordinates x and y, where x 1s the positional coordinate 
and y the velocity of the system. The point Jl(z,y) is referred to as 
the representative point of the system. Thus the phase plane represents 
the totality of all possible states of the givensystem. As# varies in the 
system, x,y Will be functions of t:2 = f(t), y = g(t), and AL will describe 
a path r. The two equations just written are of the type known as 
parametric equations. The same equations represent also a motion on 
the path, that is to say a certain mode of describing the path as time 
varies. The velocity of the point Jf is called phase velocity and is not 
to be confused with the velocity of the system. The phase velocity is 
the plane vector whose components are zy, that is 2,%, while the 
velocity of the system is merely the quantity t=. The complete path 
represents the actual history of the system throughout all time. The 
totality of all the paths represents all the posszble histories. The 
particular path followed among all the possible paths is fixed when a 
single point is known, for instance the point Jlo(%o,yo), or in physical 
language when one state of the system is specified. This means here 
also that one and only one path goes through every point of the phase 
plane. The totality of all the paths constitutes the phase portrait of 
the system. Often by mere inspection of this portrait one may state 


8 LINEAR SYSTEMS (Cu. I 


important properties of the system. This will be clearly shown 
throughout the sequel. 

When one knows the solution of the differential equation of the 
harmonic oscillator (2), it is easy to find the equation of the path. Its 
parametric equations are 


(4) x = K cos (wot + a), y = —Kay sin (wot + a). 
Eliminating ¢ we find for the path the equation 


a? y? 
(5) K? * K%? 


It is easy to see that this equation represents a family of similar 
ellipses. Through each point of the plane there passes one and only 


y 


{ 
Fira. 4. 


one ellipse; it. corresponds to a given value of K, i.e. to a definite class 
of initial conditions, namely, to the same initial values of the total 
energy of thesystem. The whole x,y-plane, origin excepted, is covered 
with concentric ellipses. The ellipse “passing through’’ the origin 
is merely that point itself (Tig. 4). 

Let us examine the motion of the representative point along one 
of the ellipses. With axes chosen as usual, the movement of the point 
will always be clockwise since a positive velocity (y > 0) corresponds 
to the increase of the value of « with time and a negative velocity 
(y < 0) corresponds to the decrease of x with time. 

The phase velocity is a vector with components #,y in the z,y 
directions, respectively. 


(6) v = (4,y) = (—Kay sin (wot + a), -Kw? COS (wot + a@)). 


It is tangent to the trajectory, points in the direction of motion, and 
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its length or magnitude is the phase speed 


(7) Jv] = Kao ~/sin? (wot + a) + w? cos? (wot + a). 


It is easily seen that |v| remains between Kw» and Kw, and is not zero 
except for K = 0. 

Thus the periodic motions of the system correspond on the phase 
plane to concentric closed paths on which the representative point 
is moving with a non-zero phase velocity and with the time for an 
entire revolution 7’ = 27/wo. The equilibrium states of the oscillator 
correspond to a degenerate path consisting of a point. 

In the case of the harmonic oscillator we have obtained the phase 
portrait by using the solution (4) in finite form of the equation of the 
oscillator. Instead of this, it is possible to derive conclusions concern- 
ing the motion of the representative pomt in the phase plane directly 
from (2) without having recourse to the explicit integrals (4) of the 
equation. It may therefore be applied in cases where one cannot 
obtain the integrals. 

2. Equation not containing the time. To pass directly from the 
initial equation (2), without integrating it, to the representation on the 
phase plane, we shall proceed in the following way. We replace 
the initial equation of the second order by tio equivalent equations of 
the first order: 

(8) = = ¥, oe — woe. 

By dividing one of these equations by the other, we have the differen- 

tial equation 

(9) Ye a 
dx y 


We can see that, if the dependence of x on ¢1s expressed by a differential 
equation of the second order (2), the dependence of y on x 1s expressed 
by a differential equation of the first order. If we integrate (9) we will 
obtain the equation of the paths in finite form and not merely in 
differential form. 

3. Singular points. A system such as (8) in which the time figures 
only as a differential dt is said to be autonomous. In sucha system the 
points where both « and y vanish are called singular points. If Af(a,b) 
is such a point then x = a, y = bisa solution of the system, that is to 
say M is a path reduced to a single point. 

It is evident’ that z = 0, y = 0, 1.e. the origin itself is the only 
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singular point of our system (8). At every non-singular point, (9) 
determines uniquely the slope of the path through the point. 

An isolated point in whose neighborhood the paths consist of a set 
of concentric ovals (for example circles or ellipses) is known as a 
center. As (6) shows, the origin is a center for the system (8). 

4. Isoclines. J¢quation (9) determines the ‘‘field’”’ of tangents 
on the phase plane. Its nature is made clear by constructing a family 
of isoclines,! which in our case are straight lines passing through the 


y 


| 
Fia. 5. Fia. 6. 


origin (Fig. 5). Let us determine the isocline corresponding to points 
where the slope of the path is 8. Its equation 1s 


dy_ pT _ a. _ ~ _ 

Go a or yY = of, aa: 
It is easy to see that the field under investigation consists of linear 
elements, symmetric with respect to the axes and changing gradually 
(with the change of the inclination o) their direction from horizontal 
(along the y axis where 6 = Q) to vertical (along the x axis where 
B = ~). 

One cannot tell from (9) in what direction and with what velocity 
the representative point will move on the phase plane. Equation (8) 
defines the phase velocity in magnitude and direction; in fact its 
components are 

y= 2S a, Vy = —woe. 
It is certainly useful to indicate the direction of motion as well as the 
slope of the path. This is done in Fig. 6. 

As we have already indicated, the phase velocity, » = ~W/y? + wéz?, 
tends to zero only at the origin, i.e. at the singular point. From Jigs. 

1 An isocline is a locus of points where the paths have a given slope. 
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5 and 6 it is easy to see that the isocline method enables us to obtain, in 
the case under consideration, some idea of the behavior of the tra- 
jectories on the phase plane. The isocline method offers little advan- 
tage whenever as in the present instance separation of variables makes 
it easy to integrate the equation. For we have at once from (9) 


U 
(10) tdx+— ydy = 0, 
ved 
whose integration yields 
7? y? 
2 T Qu? 


Setting 2C = K?, we have again the equation (5) of the family of 
ellipses on the phase plane. One should not forget that this time (5) 
has been derived in a completely different way, without knowledge 
of the solution of the differential equation (2). Whenever the equa- 
tion, similar to (10), cannot be integrated, the isocline method may 
enable one to obtain nevertheless a fairly accurate idea of the behavior 
of the paths. 

5. Equilibrium and periodic motion. Passing to a converse 
problem, what can we say about the character of the motion when we 
know the path and the phase velocity? 

Here all paths other than the origin correspond to periodic motions. 
They are all ellipses, i.e. closed curves. When our representative 
point describes a closed curve once, so that the system acquires, after 
a certain time, the same position and the same velocity, then its 
movement beyond will coincide exactly with the previous one; the 
process will repeat itself. 

We see that the ‘‘time of return,’’ i.e. the period, is finite. In 
fact, the length of our ellipse is finite; the phase velocity along the 
ellipse never approaches zero; it is equal to zero only at the origin, but 
our ellipses do not pass through the origin. Hence the representative 
point describes the ellipse in a finite time. Furthermore the degener- 
ate path x = 0, y = 0 corresponds to the state of equilibrium. The 
phase velocity at the point x = 0, y = 0 is zero; the representative 
point, situated at the initial moment at the origin, will remain there 
if accidental displacements or shocks do not throw it out of this 
position. 

The singular points, those for which = 0, y = 0, correspond to 
states of equilibrium. This is understandable also from the physical 
point of view. For example, in mechanical systems, the condition 
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gz = 0 indicates that the velocity is zero, while y = 0 shows that the 
acceleration or force, which is the same thing, 1s zero. 

In general, for dynamical systems the converse of the above state- 
ment is also true: the equilibrium states correspond to singular points. 

Thus without knowing the possible movements quantitatively we 
do know their qualitative characteristics. This qualitative analysis of 
a linear frictionless system (harmonic oscillator) may be 
formulated in the following way: Under any initial conditions 
the system undergoes a periodic motion around the equilibrium 
state x = 0, y = 0, with the exception of the case when the 
initial conditions correspond to equilibrium. 


aT 


S3. STABILITY OF EQUILIBRIUM 


We can visualize intuitively the meaning of the statement 
“stability of equilibrium.” The intuitive notion is of course 
insufficient, and it is necessary to transform it into an exact 
and useful notion. 

Consider the simple example of a mathematical friction- 
less pendulum (Fig. 7). Two states of equilibrium of the 
pendulum are possible: 

1. When we place it at the lowest point a, without initial 
velocity. . 

d 2. When we place it at the highest point b, without initial 
velocity. 

The lower state of equilibrium is stable while the upper is 
unstable. In fact, if the pendulum is in 0, the slightest impulse makes 
it move with an accelerating velocity, and it leaves the immediate 
vicinity of the point b. At the point a the pendulum will behave quite 
differently: after a shght impulse the pendulum begins to move with 
decreasing velocity; the smaller the impulse, the smaller the displace- 
ment from a before it turns back and starts to oscillate about a. If 
the impulse is sufficiently small, the pendulum will remain in a certain 
region around a, and its velocity will not exceed a certain value. 

With this example as a guide we shall endeavor to give a definition 
of stability and use the phase plane for the purpose. Let us examine 
a system in a state of equilibrium. The representative point in the 
phase plane is at rest at one of the singular points. If we disturb the 
equilibrium by an impulse,! the representative point will leave the 


& — @ @ @ @ @ @ @ @ @woe 
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1 Generally in connection with stability one considers instantaneous impulses, 
their role being to impress an instantaneous displacement upon the representative 
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singular point and will begin to move over the phase plane. Let us 
draw the representative point in black and the singular point in white 
(Fig. 8). We can then characterize stable equilibrium in the following 
way: If for a sufficiently small initial displacement of the black point, 
it remains near the white point, then 

the white point represents a stable state y 
of equilibrium.! 

It is clear that this characterization 
is also incomplete. First of all, shall 
we call the white point stable if the 
black point does not move far away 
when initially displaced in one direction 
but moves far away for the smallest 
displacement in another direction? 

Obviously the white point will then be Fic. 8. 

unstable; it will be, so to speak, ‘‘con- 

ditionally ”’ stable if we eliminate a certain class of displacements. It 
is necessary to require of the black point that it does not go far away 
from the white point as a result of a small displacement in any direction. 

Secondly, and this is more important, the expressions “does not go 
far away” and “‘remains in the vicinity” etc. are not sufficiently pre- 
cise. The notions ‘“‘near” and “far” 
depend on the physical conditions of the 
problem. We shall therefore formulate the 
following definition: 

A state of equilibrium is stable when- 
ever given any region e containing it there 
is another 6(e) in e such that any motion 
starting in the region 6 remains in the 
region ¢«. The state of equilibrium is 
unstable whenever given any region e con- 
taining it each region in ¢ containing it contains a point A/ such that 
a motion starting at JJ leaves e. 

While these definitions are expressed in terms of the phase plane, 
they may be formulated without having recourse to the phase plane. 
One can, in fact, translate the definition of stability into the language 
of mathematical inequalities, defining the movement of the black point 


point in the phase plane or, equivalently, an instantaneous modification of the 
initial conditions. This is, of course, an idealization of true impulsions. 

1 Frequently this is also formulated as follows: The equilibrium is stable when- 
ever a small disturbance remains small. 


14 LINEAR SYSTEMS (Cu. I 


after the disturbance by z(¢),y(t), and assuming, for the sake of simplic- 
ity, that the region of admissible deviations e represents a square 
(Fig. 10). The above definition may then be stated as follows: The 
state of equilibrium x = Zz, 7 = 0 is stable whenever for any small 
e > 0 we can find a 6(e) > O such that, if at time ¢ = 0 we have 
|2(0) — z| < dand |y(0)| < 6, then for0 <t < +” wehave x(t) — Z| 
<e and |y(é)| <«. We shall refer to this stability as “stability 
according to Liapounoff’”’ and always have it in mind when we speak of 
stability. Later we shall discuss other definitions of stability and 
realize the significance of the work of Liapounoff [3] on stability. 


y 


Fic. 10. 


We now take up the stability of the state of equilibrium of a har- 
monic oscillator. This investigation will show why one has to consider 
two regions ¢« and 6 in the definition of stability. 

It is rather easy to show that the center type of singular point 
corresponds to stable equilibrium. Let the given region be any small 
region e, for example a square (region shaded by vertical lines in 
Fig. 10). Let us choose among the closed paths surrounding the sin- 
gular point a curve S, tangent to the given square and interior to it. 
That is always possible, independently of whether the closed paths in 
the immediate vicinity of the point have the form of ellipses or any 
other form. The existence of the curve in question requires only the 
continuity of the system of concentric ovals, around a point, a situa- 
tion we always meet with in the case of a center. ‘The region inside 
the curves (shaded with cross lines) will represent the region 6(e) for, if 
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the initial position of the black point is inside this region (point A), 
then it will never leave the square e but will undergo periodic motion 
around the state of equilibrium. We could, of course, choose for the 
region 6 anv other region situated inside the curve S, for example, the 
region inside the square having all its points inside the curve S.! 
Thus we may afhrm that the state of equilibriwm of the center type is 
stable. 


S4. LINEAR OSCILLATOR WITH FRICTION 


In the remainder of the chapter we shall discuss non-conservative 
systems, and assume linear friction, i.e. a frictional force proportional 
to the velocity z. (This is called viscous damping and is closely 
approximated for small velocities in air and in liquids.) The equation 
of motion is still linear and is 


(11) mé + bz + kx = 0 


where 0 is the friction coefficient, i.e. the frictional force per unit of 
velocity. An electrical example analogous to the mechanical system 
with friction proportional to velocity is an RLC circuit with linear 
resistance. Such a circuit obeys the equation 


(12) Lg + Rg +7 = 0 


where qg is the charge of the condenser, and L, R, and C, as usual, 
inductance, resistance, and capacitance. 

Ifb/m = 2h,k/m = w[or, correspondingly R/L = 2h,1/LC = wl, 
we reduce (11) and (12) to the usual form: 


(13) E+ 2he + wr = 0. 

The general solution of this equation is 

(14) x = Ae! + Ber 

where A; and 2 are the roots of the characteristic equation 
2 + 2hrA + wh = 0. 


They are real for h? 2 w? and complex for h? < w%. 

According to the sign of h? — w?, we obtain two types of solutions 
and consequently two processes. For h? < w? we have a damped oscil- 
latory process, and for h? > wa damped aperiodic process (subsidence). 


1 Clearly one cannot generally take « itself as 5(e), for if we take, say, B as the 
initial position in e (Fig. 18), the path will leave e. 
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The constants in equations (11), (12) or (13) are sometimes referred 
to as oscillatory parameters. 

1. Damped oscillatory process. Setting w? = w; — h? the general 
solution (14) becomes 


(15) x = e*(A coswit + B sin wit) = Ke~™ cos (wit + a). 


If at ¢ = 0, x = x and & = % the constants in (15) are A = 2p, 
Xo ++ h2xo 


w1 
(16) & = —Ke-(h cos (wit + a) + w1 sin (wit + @)). 


Formulas (15) and (16) define an exponentially damped oscillation. 

The functions x(t) and 2#(t) which we obtained are not periodic 
functions. In fact a function f(t) 
is said to be periodic when and 
only when there is a non-zero 
number 7 such that 


fit 71) = fO 


for every value of the argument ¢. 
The lowest positive such is called 
the period of the function. The 
functions (16) and (17) are not 
periodic. Strictly speaking they 
have no period. However the 
Fig. 11. time between consecutive zeros of 
« (or zeros of z) is 71/2 = w/w). 
We call 7) = 27/w, the conditional period of the damped oscillation. 
The graph of x(t) is shown in Fig. 11.1. The rate of damping can be 
characterized by h, the damping coefficient. ‘he timeforxto decrease 
by a factor 1/e is 1/h, the time constant. (e is the base of the natural 
logarithm and 1/e represents a percentage decrease of about 63 per 
cent.) The disadvantage of his that its value depends upon the 
units for time. [or this reason, we introduce a dimensionless measure 
of the damping, the logarithmic decrementd = T,h. From (15) 


B 
B= ,and kK? = A? + B*, tana = — ri The velocity is 


x(t) 
Lee 9 
eae ! 


1 Notice that both maxima and minima are not half-way between the appro- 
priate zeros but shifted to the left of that position. 


lo 
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Hence we see that the logarithmic decrement is the logarithm of the 
ratio of displacements one period apart. To add further to the 
significance of d, we note that 1/d is the number of conditional periods 
after which the amplitude decreases to 1/e of its value. 

It is easy to see that the law obtained for the damping of the 
oscillations is closely related to the idealization of the law of friction. 
It is only when one assumes linear friction that one obtains the law of 
decrease of maxima according to a geometric progression with e~? as 
ratio. On the other hand, it is clear that the notion of logarithmic 
decrement loses its meaning if the damping law is such that the ratio 
between two consecutive maxima does not remain constant. Conse- 
quently logarithmic decrements occur only in linear systems. 

The definition of the logarithmic decrement can be deduced from 
the curve represented in Fig. 11, or, more conveniently, from the rela- 
tion between the maxima (or minima) and time represented on a 
semi-logarithmic scale (instead of deviations one uses logarithms at 
maxima as ordinates). In the latter case this dependence is repre- 
sented by a straight line, the slope of which is the damping coefficient h; 
multiplying it by the conditional period 7 we obtain the logarithmic 
decrement d. 

Thus we can characterize a damped oscillation by four quantities: 
the conditional period 7’; (or the corresponding angular conditional 
frequency w,), the logarithmic decrement d, the conditional amplitude 
K, and the phase angle a. 

The conditional period and the logarithmic decrement are deter- 
mined by the properties of the system. For a given oscillatory mech- 
anism, the amplitude and the phase remain undetermined for they are 
defined by the initial conditions. 

2. Linear transformations of the plane. Linear transformations 
are of sufficient importance to make it worth while to present a geo- 
metric picture of their effect. A (non-singular) linear transformation 
is defined by 


(17) 


I 


u = ax + by, 


pee A=ad — be H¥ 0. 


The transformation (17) can be considered from two points of view, 
either in a ‘‘passive’”’ sense or in an ‘‘active”’ sense, 1.e. elther as a 
transformation from rectangular coordinates 2z,y to non-rectangular 
coordinates u,v conserving geometric figures (the usual “passive”’ 
interpretation of analytical geometry), or as a deformation of the 
figures without changing the coordinate system (“‘active”’ interpreta- 
tion of such transformations, such as occur for example in elasticity). 
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Since A # 0, no pair of distinct points is mapped by (17) into 
the same point, and the transformation is said to be non-singular. 
The transformation is called linear because straight lines go into 
straight lines. By applying (17), we see that the line 


(18) zr=ay+Bp 
is transformed into the line 
(19) u=au+ pf’ 
where 
b+ aa ; BA 
a = ) = 
d+ ac d+ ac 


Observe that d + ac = 0 is a special case and corresponds tov = con- 
stant. 

We can now draw the following conclusions. Straight lines 
go into straight lines. If 8 =O then 6’ = 0, and lines through 
the origin go into lines through the origin. By noting that a’ does 
not depend on 8, we see that a family of parallel lines goes into 
a family of parallel lines. The distances of (18) and (19) from the 
origin are d = B/+/1 + a and d’ = B’/v\/1 + a”? and d/d’ depends 
only upon a. Thus a family of equally-spaced parallel lines goes into 
a family of equally-spaced parallel lines. ‘Thus under a linear trans- 
formation lines may be rotated (and reflected) and they may be 
stretched (or compressed), but in any one direction they are stretched 
uniformly. One can obtain a good picture of this by considering the 
transformation of a grid made up of two families of equally-spaced 
parallel lines. This grid will then map into a grid made up of two 
families of equally-spaced parallel lines, though the grid may be rotated 
about the origin and the sides of the grid may be stretched or com- 
pressed. Often it is possible to find a grid which is mapped into a 
similar grid (the angle between the lines is left unchanged), though 
this is not always the case. 

3. Representation of damped oscillations on the phase plane. 
Equations (15) and (16) are the parametric equations of the family of 
paths. Thus 


x = Ke-™ cos (wit + a) 
y= z= —Ke™(h cos (wit + a) + w: sin (wit + a)). 


(20) 


We shall show that these equations represent a family of spirals with 
an asymptotic point at the origin. To do so we shall make a linear 


$4] LINEAR OSCILLATOR WITH FRICTION 19 


y 


\ Ze 
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transformation of coordinates, a method we shall frequently apply in 
the sequel. Introduce the new variables 


(21) U+= wi, v=het+y. 
The system (20) becomes then 


(22) Uu = w Ke" cos (wt + a) 

v = —w,Ke™ sin (wt + a) 
or in polar coordinates (Fig. 13) in 
the u,v-plane 


h 
(23) p = w,Ke-™ = cee, 


where p = +/u? + v? and Wy = wil. 
As t increases the point on the 
curve moves clockwise with angular 
velocity w: and the radius vector decreases exponentially. The curve 
has an asymptotic point at the origin and is known as a logarithmic 
sptral. 

Equation (21) represents a linear transformation of the phase plane 
and from our study of the linear transformations the picture of the 
paths in the z,y-plane can be made clear. By this simple linear trans- 


Fia. 13. 
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formation the grid formed by the lines parallel to the y-axis and the 
lines whose slopes are h/(w; — 1) is deformed into a similar grid 
(the angles are preserved) without rotation. In the “active” sense 
the deformation is produced by stretching the lines whose slope is 
h/(w1 — 1) by a factor w;. The lines parallel to the y-axis are not 
stretched. In the case w; = 1, the points on the line x = ¢ are dis- 
placed a distance he. : 

Thus under the reversal of this deformation the family of log- 
arithmic spirals in the u,v-plane will go into a family of spirals which 
wind toward the origin in a clockwise direction. Since lines through 
the origin go into lines through the origin, the turning of the radius 
vector to the path with increasing time has the same conditional 
period 7, = 27/w, in both planes. The 
angular velocity of turning is constant 
in the w,v-plane and in general not con- 
stant in the phase plane. As we know, 
the radius vector is stretched uniformly 
and hence the logarithmic decrement of 
the decrease of its length, the same in 
both planes, is d = hT,. The family of 
logarithmic spirals covers the w,v-plane 
and one and only one spiral passes 
through each point. Clearly this must 
also be true of the family of spiral paths 
in the phase plane. The origin x = QO, 
y = 0 is again an exception. It is a 
degenerate path at the origin. The 
phase velocity is zero at this point and 
does not vanish elsewhere. It does decrease with each revolution and 
can be shown to have the logarithmic decrement d = hT. 

4, Direct investigation of the differential equation. The pre- 
ceding results may also be derived directly from (13) without referring 
to the solution (14). To that end, replace the initial equation of 
second order (13) by two equivalent equations of first order: 


Fic. 14. 


dx dy 
24 — = — = — — wr 
( ) dt y, dt Zhy Wot, 
and hence 
d 2a 
(25) dy chy TF wot 
dx y 


We can see immediately that this equation, like (9), determines a 
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certain field of tangents on the phase plane, and together with (24) it 
will determine a vector field having just one singular point x = 0, 
y = 0. By means of isoclines we can easily make an approximate 
study of the character of this field. If the paths are to have the slope 
x, the equation of the corresponding isocline will be 


2hy + wiz 
y 


= ¥, or Y= ox 
where 


(26) c= 


x + oh 


i.e. the isoclines will be straight lines through the origin. If we give 
to x a sufficiently large number of values (h and wo being fixed by the 
system), we obtain a family of isoclines which will enable us to con- 
struct a field with a suitable degree of precision. Fig. 15 represents 
such a field constructed by means of a few isoclines. This figure 
enables one to visualize the nature of the paths. One may also easily 
integrate (25) by a well-known procedure for homogeneous equations. 
We thus obtain here (w2 > h?) for the paths the equation 


ythr 


oh arctg 
y? + 2hey + wor = Ce“ 
derived without knowing the solution of (13). The expression for the 
phase velocity v can be deduced from (24): 


vy? = wor? + 4hetry + (1 + 4h?)y?. 


By this method we can see at once that the phase velocity only 
becomes zero at the origin. It decreases steadily as the representative 
point approaches the origin. 

Given the character of the paths and the expression of the phase 
velocity, what can we say regarding the motions? First, we may 
affirm that all the paths (other than x = 0, y = 0) correspond to 
oscillatory damped motions tending: to the state of equilibrium. In 
fact, all the paths are spirals; when the representative point moves on 
one of the spirals, the coordinate and the velocity pass many times 
through zero and therefore the spirals on the phase plane correspond 
to an oscillatory process. Furthermore, the radius-vector of the 
representative point moving on a spiral decreases with each revolution. 
This means that we are dealing with a damped process. The maxi- 
mum values of x and x decrease from one revolution to the next. It is 
also clear that the origin corresponds to the state of equilibrium. 
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To sum up then: Whatever the initial conditions the system undergoes 
a damped oscillatory motion around the state of equilibrium x = QO, 
y = 0 with the exception of the case when the initial conditions coincide 
exactly with the state of equilibrium. 


y 
X=0 


Fia. 15. 


A singular point such as above, which is the common asymptotic 
point of a family of paths consisting of concentric spirals, is called a 
focus. 

Let us now examine whether the focus is stable. Since along any 
path the representative point will move towards the singular point, it 
becomes clear that the condition of stability for the equilibrium state, 
formulated above, is fulfilled. In fact, we can always choose such a 
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region 6 (doubly shaded in Fig. 16) that the representative point does 
not cross the boundary of the region e (singly shaded in Fig. 16). Con- 
sequently the equilibrium is stable and the singular point is a stable 
focus. The stability of the focal type of singular point is apparently 
related to the fact that the paths are winding or unwinding with 
respect to the movement of the representative point. Since the 
direction of the movement of the representative point 1s in a sense 
determined by the choice of coordinates (the point must move clock- 
wise), the stability of the singular point is also determined with a sense 
(since the direction in which the 
time is measured cannot be 
changed). Conversely, if the 


in this case that the radius-vector 
decreases for a clockwise motion 
(obviously we consider w: positive 
and real). Thus, generally speak- 
ing, a focus can be either stable or 
unstable, while the center type of 
singular point, as we have seen, 1s Fra. 16. 

always stable. In the present case, the focus is stable because 
h>0. ‘The physical meaning of this condition of stability is clear; 
friction must be positive, i.e. it must resist the motion and dissipate 
energy. Such positive friction resists motion; its overcoming requires 
work to be spent, and it cannot induce instability. If the equilibrium 
of the system is already stable in the absence of friction (in the har- 
monic oscillator), then it will remain stable in the presence of positive 
friction. In the sequel we shall also consider unstable foci. 

The stable focus possesses a “stronger’’ stability than the center 
examined in the previous paragraph. Actually, in the case of the 
stable focus, not only the condition of stability according to Liapounoff 
but even a stronger condition will be fulfilled. Namely, for all initial 
conditions, the system, after a sufficiently long period of time, will 
return as close as one wishes to the state of equilibrium. Such a 
stability, for which the initial deviations do not increase but on the 
contrary dampen, will be called asymptotic stability. In the case of the 
linear oscillator that we have studied, the focus is asymptotically stable. 
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5. Damped aperiodic process. Let us now examine tlie case when 
the roots of the characteristic equation are real, i.e. when h? > aj. 
Setting g? = h? — wi we obtain the solution in the form: 


x = e(Aet + Be-%) 
or, introducing the notations 
Me Sa eS ey AS SL Ge Se 
(so that gz > gi > 0), in the form 
x = Aew~ + Be, 
Here A and B are determined by the initial conditions. Namely, if 
fort = 0, x = Xo, and 4 = Zo, then 
r= to 1 goto eat eu es € 
q2 —~ 41 qi —~ 42 


It is clear that whatever the initial condition the movement is 
damped, since gq; > 0 and q2 > O, and therefore, fort — +, x(t) > 0. 
In order to learn more about the character of the damping, we have to 
find that ¢; and t2—the times (i.e. the intervals of time after the initial 
moment) for which x and « respectively become equal to zero. From 
(27) we deduce the following equations for ¢; and fz: 


— at 


(27) 


Lo + gio eee to(Ge = qi) 


28 elas aren — 

a Lo 1 goo Lo + G2Xo 

(29) e(ar-aqpts = ga(to + 9i%o) _ Lo(qe 7 qi) ; 
qi(Xo =F G2Xo) qi(Xo + g2Xo) 


It is easy to see that each of these equations has only one root, so 
that a damped oscillating process cannot occur—we are dealing with a 
so-called aperiodic process. Let us examine the situation when the 
equation (29) for t2 has no positive roots. In that case the damping 
of the motion 1s monotonic, tending asymptotically to zero. This will 
take place when in the expression (29) for ¢s 


Lo 
Lo + G2Xo 


The region of initial values satisfying this inequality (region II) is 
represented in Fig. 17. For all other initial values 


< 0. 


Lo 


——- > 0 
Lo + G2Xo 
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and the equation defining tz has positive roots. It means that the dis- 
placement does not decrease monotonically, but its absolute value first 
increases.and then, only after having reached its extreme position, does 
it start to decrease, tending asymptotically to zero. 

Here it 1s necessary to distinguish two cases according to whether 
under the initial conditions the equation determining ¢; does or does not 
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have a positive root. If there is no positive root, then the displace- 
ment during the entire motion (0 < ¢ < +) retains its sign; the 
system leaves the state of equilibrium, reaches a certain maximum 
deviation and then approaches monotonically the position of equi- 
librium, but does not go through it. According to (28) this takes place 
when 
v0 

Lo + G2Xo 

The regions I of Fig. 17 correspond to this situation. 

If the equation determining ¢; has a positive root, the system will 
first approach the position of equilibrium; at ¢ = ¢, it will go through 
the position of equilibrium; later! at ¢ = ¢, it will reach a certain 

1 From (28) and (29) we deduce the relation 


> 0. 


efgz— a1) (t2—£1) = q2 > I. 
qi 
Hence the exponent at the left is positive and, since g2 — qi > 0, alsofz — ti > 0, 
or #2 is a later time than 4:. 
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maximum deviation in the direction opposite to the initial deviation, 
and will finally approach monotonically the equilibrium position, 
without ever reaching it. This corresponds to the regions III in Fig. 
17. 

The relationship between the character of the motion and the 
initial conditions can be exhibited graphically in another way, namely 


K 


—<——_x —— ) 
e 
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by representing the dependence of the displacement on the time: the 
graph x(t), for the three cases, I, II], and III. This is done in Fig. 18, 
where we assume that the initial displacement xo > 0. 

6. Representation of aperiodic processes on the phase plane. We 
have found the general solution 


a= Ae + Beu', £ = y = —Aqe% — Bare~%", 
from which follows by a simple calculation 


(30) (y + giz) = Ci(y + gor). 


Since gi ¥ gz it 1s no restriction to suppose that qi < ge. To analyze 
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the family of curves (30) we shall use again a linear transformation of 
coordinates 


y+ qx = 2, yY + qx = U. 


After this transformation, (30) will have, in terms of the new variables, 
the simple form: 


vy = Cus, a==>1. 


Let uw and v be rectangular coordinates. We can say that after the 
transformation we shall obtain the family of ‘‘parabolas’’ whose type is 
determined by the value of the ex- 
ponent @ = q2/q:. Independently of 
the character of the exponent, how- ;' J 
ever, (i.e. whether it is an integer 

or a fraction, odd or even, etc.) we 

may assert the following: 

1. All the paths, with the excep- 
tion of the curve corresponding to 
C = o, are tangent at the origin to 
the waxis. Fordv/du = Cau*'and Oo 
hence (dv/du)y-0 = 0. 

2. The paths degenerate into 
straight lines for C = Oand C = o. 

When C = 0 we have v = 0, Le. the 
u axis; When C = o we have u = 0, 
1.e., the v axis. 

3. The paths turn their convexity 
towards the u axis (since v Increases Pid 16: 
faster than u), and the absolute value 
of the ordinate increases monotonically with increasing w. 

A family of such parabolas is represented in Fig. 19. 

Let us return to the x,y plane. To the v axis on the u,v planc there 
corresponds .the straight line y + gov = 0; to the wu axis there corre- 
sponds the straight line y+ qi% =0. The other paths or, more 
precisely, the other curves of the family (380) on the x,y plane represent 
deformed parabolas tangent to the straight line y = —qiv. In order 
to draw this family of curves it is convenient to take into account the 
following properties which are readily deduced from (30): 

1. The curves of the family have unlimited parabolic branches 
parallel to the straight line y = —qow. 


V 
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2. They have tangents parallel to the x axis at the points of inter- 
section with the line 


Ps 7192 ‘ ( 7192 <n) 
= — —— 4, eo 1} 
a1 + Qe gi + Qe 


3. They have tangents parallel to the y axis at the points of inter- 
section with the x axis. 
This family of curves is represented in Fig. 20. 
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The same results may be derived without integrating the differ- 
ential equation (13). If we replace this equation of the second order 
by two equivalent equations of the first order and eliminate t, we obtain 
the same equation for the paths as in the previous case: 

dy Zhy + wort 


(25) a , 


The only singular point of this family of curves is again the origin, 
and it corresponds here also to the state of equilibrium. The isoclines 
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will now be straight lines defined by (26). Since here h? > w?, the 
situation of the isoclines will be somewhat different (Fig. 21). If 
we set z = y/x as in the integration of (25), we obtain (owing to 
h? > w5) a result different from the previous cases, namely, the equa- 
tion of the family of paths is of the ‘‘ parabolic type”’: 
y at Sees 
— +h — Vh? — w2\V hte 
y? + Qhry + wie? =C : 


~th+ VP = a 


or 


(30) (y + qx) = Cily + gor) % 


where gi =h — Vh? —w? and gq =h + Wh? — wi, ie. the same 
equation as we obtained above by a different method (eliminating ¢ 
from the solution of the initial 
differential equation). 

The direction of the move- 
ment of the representative point 
is determined by the same reason- 
ing as in the previous case, namely, 
from the condition that for y = 
z > 0 the value of x increases. rg 
Since the slope of the tangent to | : y I. 
the path changes its sign only once 
when crossing the x axis, it be- 
comes evident that the representa- 
tive point will describe the paths 
in the direction of the arrows on \ 
Fig. 20,1.e. it will always approach 
the origin. The velocity of the 
motion of the representative point 
becomes zero, as in the preceding cases, only when « = 0 and y = 0 
simultaneously, i.e. at the singular point of the differential equation. 

A point such as the origin to which all the paths converge is known 
asanode. It corresponds here to equilibrium, and it is easily seen that 
this equilibrium is stable, since the representative point moves along 
the paths towards the node. For this reason the node under consid- 
eration is said to be stable. The same remark applies as to the stable 
focus: If in a frictionless system the singular point (a center) is already 
stable, the addition of friction must necessarily preserve stability. 


Ye 


Fic. 21. 
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Let us examine in more detail the physical aspects of the three 
types of aperiodie motion represented in Fig. 18. First of all, if the 
initial velocity and the initial deviation have the same sign (1.e. if 
the representative point lies in the region I of Fig. 17), the system will 
first move from the position of equilibrium with a progressively 
decreasing velocity (the initial kinetic energy is used to increase the 
potential energy and to overcome friction). When the velocity reaches 
zero (point tz) the system starts to return to the equilibrium position; 
the veloeity will first inerease since the restoring force deereascs (for 
the system approaches equilibrium), and consequently beginning with 
a certain moment (point tg on Fig. 18, I) the velocity which is then 
maximum starts to deerease. Thesystem will approach asymptotieally 
the position of equilibrium. 

Another case where the initial velocity and the initial deviation 
have different signs, i.e. the initial impulsion is direeted in the sense 
opposite to the initial deviation, will lead to two different types of 
motion (II and III). If the initial impulsion is small with respeet 
to the initial deviation, the system, because of the presence of a large 
amount of friction, cannot pass the position of equilibrium and will 
approach it asymptotically (curve II). If the initial velocity is 
sufficiently high, the system at a given moment ¢, will cross the position 
of equilibrium (curve [IT) and will still retain a certain velocity directed 
away from equilibrium, i.e. in the same direction in which the system 
is moving. After that, the motion becomes of the type I already 
discussed; the system reaches first a certain maximum and then tends 
asymptotically to the position of equilibrium. Thus the motions of 
type III differ from those of type I only in their first part (previous to 
the time ¢,), after which they are hke motions of type I. On the other 
hand the motion of type I 1s like that of type II after the time tz. In 
fact, the motion of the representative point along certain paths passing 
through the three regions I, II, and III (for example in Fig. 20) will 
belong either to type III or to type I, or to type II, aecording to the 
initial location of the point. | 

We shall not discuss the limiting case h? = w; in detail, for, like any 
other for whieh the relationship between the parameters of the system 
is exact (too strict), it cannot be reprodueed exaetly in a physieal 
system and is of importanee only as a border line between two different 
types of damping processes, the oscillatory and the aperiodic. The 
solution of the initial differential equation (13) will then be of the form 


x= (At Bte. 
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It is possible here also to dispense with the solution of the differen- 
tial equation of the second order and to pass directly to the equation 
of the first order which determines the phase curves (25). We obtain 
a family of paths of parabolic type and a stable singular node. With 
regard to the behavior of the paths and the singular point, this limiting 
case should be correlated to the case h? > wi and not to the case 
h? <wo. While the case h? = w; has no physical significance, it has, 
however, a certain mathematical interest. For it is often advan- 
tageous to choose the damping of the system so that h? will be as close 
as possible to w}. We thus eliminate the oscillations, inevitable when 
h? is much smaller than w,, making at the same time the velocity of 
aperiodic return of the system to zero maximum (this velocity is 
greater than for large values of h). These are the most advantageous 
conditions for a number of measuring devices, for example, for gal- 
vanometers. With the smallest variation in the parameters of the 
system, this limiting case will change into one of the two others. 

It is important.to keep in mind that the division of systems into 
oscillatory and aperiodic, which for a linear system can -be mathe- 
matically quite precise, does not have great physical significance 
because for large values of h the system loses its most important 
“oscillatory”? characteristics, indeed even before h? reaches wo. In 
fact, if h? is slightly smaller than wo, the damping is very important; 
already the second maximum, following the initial deviation, can be 
practically unnoticeable. Resonance, the most characteristic phe- 
nomenon in oscillatory systems, becomes also unnoticeable. Thus, 
although formally h? = w, is the limiting case, the actual limit between 
oscillatory and aperiodic processes is fuzzy and cannot be sharply 
defined. As we shall see later for certain non-linear systems (systems 
with constant friction, for example), the division into oscillatory and 
aperiodic systems becomes meaningless. 


S5. DEGENERATE LINEAR SYSTEMS 


1. Complete and “‘reduced’”’ equations. In the equation describing 
a linear system with friction or resistance 


(11) mé + bi + kx = 0, 


there enter three coefficients or parameters. Each of these may be so 
small that the corresponding term is near zero, if the corresponding 
variable (x, <, or £) does not reach too great a value. We may 
investigate these motions, neglecting the term whose value is small, 
i.e. describe them by an equation containing only two of the three in 
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(11). While such an idealization simplifies the mathematical problem, 
it eliminates the possibility of treating certain questions where the role 
of the neglected term is important. Therefore to decide whether any 
particular term may be disregarded one must compare the solutions 
obtained, taking into account the three parameters with the solutions 
obtained when the parameter in question 1s omitted. If the term hz 
is small, we have an equation of second order previously examined, 
describing a harmonic oscillator. If one of the two other terms mz or 
kz is small (the mass or the spring constant is small), then, neglecting 
this term, we have 
(31) bi + kx =0 
or 

mé + bz = 0. 


Let us examine first what happens if we assume m = 0 in (11) thus 
replacing (11) by (31). The solution of (31) has the form 


_k, 
a= Ae °, 
or, introducing the initial conditions ¢ = 0, x = xo, the form 
k k 
—<t ko - 
(32) z= ze °, Z=—-2 e ° 


b 


Naturally, the solution contains only one arbitrary constant since we 
are dealing with a differential equation of the first order. In this case, 
to determine uniquely the state of the system one needs to know only 
one element instead of the two required by an equation of the second 
order. When we neglect one of the oscillatory parameters of an 
ordinary system, We arrive at systems with ‘‘a half degree of freedom ”’ 
sometimes called degenerate systems. The phase space relative to 
degenerate systems is one-dimensional—it represents a line and not a 
plane, and the position of the representative point on the “phase line”’ 
is defined uniquely by one coordinate. 

Let us compare the solution (32) with the one obtained in §4 for 
the ‘‘complete”’ (i.e. non-degenerate) system, assuming that m 1s small 
but different from zero. If the initial conditions are ¢t = 0, xr = Zo, 
£ = Zo, we obtain according to (27) the solution in the form: 


(33) x(t) 20( : eat — ee ee ot) + =o (e—2:! = e~9;') 
: d2— qi 


b fe ke Lk fe 
a1 = 2m 4m? m oe 2m 4m? m 
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To facilitate the comparison we replace the exact solution z(t) of (11) 
by an approximate solution 271(¢) such that, by choosing m sufficiently 
small, both x; — x and 4, — “ can be made as small as we choose, 
uniformly with respect to ¢. 

Using the development of the radical 


a a2 La a aN 
4m? m 2m b2 = - Om b? 


of which we only keep the first two terms, we have 


a mk —2 


k 
(34) x(t) = Xo (« — b2 € J +- ia (e ? — € 


——t 


One may show that the approximate solution is near the true solution 
in the sense that, whatever e > 0, we can always find m so small that 


(35) eO—aOlee.. O20) = 


for all positive ¢.! 
Let us compare (382) and (84). Designating the solution of the 
degenerate equation by Z and assuming that the initial values of the 
coordinates for the solution of the complete and of the degenerate 
equation are the same, we have 
2 b k b 
vi(t) — x(t) = —X _ 6 ™ + Zo ve — em). 
We can immediately see that this difference can be made as small as we 
choose by taking m sufficiently small, and this uniformly with respect 
to ¢ for all positive ¢. On the other hand, the situation will be differ- 
ent for the derivatives. In fact, 
Ib 


| acd b 2 
(36) i) — 2) = +206 ae er a ae ee 


For small ¢ and m this difference will be near % + (k/b)ao, a value 
which does not decrease with m and so cannot be made small by suit- 


b 
—=t 
ably choosing m. Owing to the rapid decrease of e ™ for a fixed 


1 Notice that, if m is small enough, the inequalities (35) cannot be replaced by 
inequalities 
x(t) 
(a) 2) 
valid for all ¢«. However, corresponding to any ¢ on a given interval r < ¢ < T, 
one may replace (35) by (a) by choosing a suitably small i. 


LF) 
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t ~ 0 and decreasing m, we learn from (36) that, given e > 0 and a 
sufficiently small m, there is a7 > 0 such that 


lai(t) — (| <« 
for allt 2 +. 

Thus for very small m and all positive ¢, the coordinate 2(t) given 
by the true solution of the complete differential equation with arbi- 
trary initial conditions (t = 0, = 2, & = Zo) differs as little as we 
please from the corresponding values of the coordinate Z(t) given 
by the solution of the degenerate differential equation with the same 
initial value. As to the velocities, they differ as little as we please 
for all values of ¢ above a certain 7 which depends on m.? 

Let us explain this result. The difference between the initial 
conditions in the solutions of a complete and a degenerate system repre- 
sents the difference between the initial velocity of a non-degenerate 
system (which can be chosen arbitrarily) and that corresponding to a 
given initial deviation in a degenerate system. 


k 
If the sum a + 5&0, as well as m, is sufficiently small, the differ- 


ence between the velocities in the complete and the degenerate equa- 
tion will remain small for all values of ¢. If this difference is not 
small, we obtain the following picture. When m is sufficiently small, 
the velocity in the complete equation of motion changes very rapidly; 
after a short time 7 it almost coincides with the velocity given by the 
solution of the degenerate equation. This rapid change in velocity 
will be studied in detail later and will lead to a formulation of the 
so-called ‘‘condition of jump.” The variation of the coordinate 
during this time 7 (determined by the complete equation, for example) 
obviously tends to zero with 7. 

Let us examine another case of degeneration, when & instead of m 
becomes zero. 

The solution of the degenerate equation with normal initial con- 
ditions has in this case the following form: 


b 
m —— 
E(t) = Xo + > to(J = € my 


1Qne may prove the following property: Given any ¢« > 0, there exist 7,7 
(r < 7) such that foralltinr < t < 7 wehave 


dz/dt 


dz /dt | 
€ 
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Calculating as before an approximate solution of the complete equa- 
tion (with the same initial conditions) , we find: 


k b 
x(t) = 7-e b + . (1 = e ™), 


It is easy to see that, for sufficiently small k and all positive t, we 
have, as previously, 


jai(t) — x()| <e, = Jat) — 2(d)| < « 


where x(t) represents again the solution of the complete equation. Let 
us compare 21(¢) with the solution Z(t) of the degenerate equation. In 
this case the inequality 

\ii(t) — £(t)| < 


will be satisfied for all positive ¢ only if & is sufficiently small. The 
choice of a sufficiently small & does not affect the difference 


k 
x(t) — E(t) = —x(1 —e °) 


for all ¢, since this difference tends to x» when t becomes sufficiently 
large. 

We may easily see, however, that for a given e and T we can always 
choose such a & that the inequality 


lti(t) — #(t)| < « 


will be satisfied for all values of ¢ in the interval 0 < t < T. 

We leave it to the reader to draw conclusions regarding the rela- 
tionship between the true solution of the complete equation with small 
k and the solution of the degenerate equation. 

2. Relation to the initial conditions. Let us return to the case of 
small m. The solution of the complete system contains two arbitrary 
constants, while the solution of the degenerate system contains only 
one. Therefore we cannot choose arbitrarily the two initial values 
Zo and wv. Hence we have a conflict between the possible states of an 
idealized system and the given initial conditions of the system. To avoid 
it, the system with two given initial values must be represented by an 
equation of order two and not of order one. In many cases, however, 
the number of initial conditions which can be given arbitrarily in a 
real physical system does not depend upon the magnitude of a param- 
eter of the system. Therefore, if we are investigating a system in 
which tio initial values x) and Zo can be given arbitrarily, then, even 
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if one of the oscillating parameters is small, we should still be unable 
to regard the svstem as degenerate, 1.e. to define it by one differential 
equation of order one, because this is incompatible with the initial 
conditions. 

We have already seen that, if we neglect the motion during its 
initial period, we may describe the system by one equation of the first 
order. The following question arises then: How can we suppress the 
conflict and reconcile this equation with the initial conditions, which 
are, generally speaking, incompatible with it? In other words, how 
does the system pass from the given initial conditions to the state 
compatible with the description by means of an equation of the first 
order? It is quite clear why the question arises. When we disregard 
the motion during the initial period, we must replace it by a certain 
assumption concerning the state of the system at the end of the period. 
We have already studied this problem analytically, so let us examine 
it from the physical standpoint. 

As an example, take a body of small mass, moving in a strongly 


resisting medium under the effect of aspring. The equation of motion 
will be 


(11) mé + bz + ka = 0 


where m is a small parameter. We can choose arbitrarily the initial 
coordinate x» and velocity 4%. On the other hand, we have already 
seen that, after a certain time (the smaller m, the smaller the time), the 
motion in the system can be described by the equation of first order: 


(31) bz + kx = 0. 


Here, however, # cannot be chosen arbitrarily but is determined by the 
coordinate zx. Now at the initial time, the system may well be in a 
state incompatible with (31), that is to say the initial and perfectly 
arbitrary values of 2,4 need not satisfy (31). After that, if m is 
sufficiently small, the divergence from the solution’ of .(31) is rapidly 
decreasing and the system passes into a state which 1s approximately 
compatible with (31). Let us have, for example, at the initial moment 
x = X) and « = O, conditions clearly incompatible with the first order 
equation (31). As long as « is very small, the term bz will not be 
important and, according to (11), the acceleration will be given by the 
approximate expression 
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Since m is very small, the acceleration is very large; the velocity 
increases very rapidly. At the same time, friction increases and a 
greater and greater part of the force of the spring is spent in overcom- 
ing friction. Consequently the acceleration becomes smaller and 
smaller, and finally the term mé ceases to play any role. The motion 
of the system can then be satisfactorily described by the equation of 
the first order (81). At this point, the velocity « acquires a value 
depending on x, for when mé# disappears an approximate equality 
between ka and (— bz) takes place. This is the way in which the rapid 
passage is accomplished from a state incompatible with (31) to a state 
compatible withit. We have already studied this passage analytically, 
using the complete equation of second order (11) and its solution (34). 

Thus if m is sufficiently small, the acceleration is at first very large 
and the velocity varies very rapidly. After a very short time the 
system passes into a state compatible with the equation of the first 
order, and this time interval is so small that, in spite of a large acceler- 
ation, x does not have time to undergo an appreciable change. 

3. Conditions for a discontinuity (jump). We have seen that, 
when the system passes into a state compatible with the equation of the 
first order, its velocity varies very rapidly while the coordinate remains 
almost constant. If this passage is sufficiently rapid, its details are 
often without interest. We may regard this rapid passage as an 
instantaneous jump and determine only the final state into which the 
system jumps; afterwards the behavior of the system is determined 
by the equation of the first order (31). We may therefore consider 
the system as mass-free provided that we introduce a new assumption, 
namely, that there occurs a discontinuity. In our particular case it 
could be formulated as follows: The velocity & changes abruptly while 
the coordinate x remains constant. Similarly, in a system with small 
k, we infer from our earlier discussion that the acceleration varies at 
first very rapidly while the velocity does not have time to change. 
Here we must assume that the acceleration undergoes a jump while 
the velocity remains constant. In a similar way, for degenerate 
electrical systems we should formulate special conditions for a Jump. 
A general formulation, manifestly desirable, is as follows: The energy 
of the system cannot undergo ajump, and hence the system can gump from 
one state to another only tf it possesses the same energy in the inatral and 
in the final state. The meaning of this assumption can be brought 
out in the following way: The smaller the interval of time in which 
the energy increases by a given amount, the greater the corresponding 
power developed by the system; therefore, a jump-like variation of 
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energy is possible only in the presence of unlimited power. Our 
assumption means, then, that the physical systems under investiga- 
tion are not supposed to develop unlimited power. It should be noted, 
however, that in studying the shock phenomena in mechanics it is 
sometimes necessary to introduce the notion of non-conservative Jumps 
(for example, in the case of an inelastic shock) in which there occurs an 
instantaneous variation of energy. As we shall see later, analogous 
phenomena can take place also in electrical systems (see the theory of 


Fire, 22. 


generators with step characteristic and oscillating circuits in a network, 
p. 331). In all these cases, the corresponding condition of the jump 
must include a quantitative characterization of this instantaneous 
change of energy. However, in dealing with processes which do not 
have this character, the assumption that energy cannot change 
instantaneously is entirely reasonable.’ 

We shall illustrate our assumption by physical examples. In the 
massless spring there is no kinetic energy since m = 0, and so the total 
energy is the potential energy /x?/2 of the spring. Under the energetic 
assumption this energy must remain constant, and so z js continuous 

1 Assumptions such as those made here are often utilized when one wishes to 
avoid the detailed examination of a phenomenon. Thus in elastic shocks one 
assumes that the velocity of a body with mass changes instantaneously, which 
implies that the body is subjected to infinite forces. These are the clastic forces 
which are, in fact, finite so that the process is not actually instantaneous. How- 
ever, since the change of velocity is very rapid and the intervening proccss of no 


interest, it is most convenient to introduce assumptions which make it possible 
to determine the velocity after the shock in terms of its value before. 
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but the velocity may vary abruptly. It will then pass from its 
initial value to the value imposed by the equation of the first order (31) 
for a given initial value 2 of x. Beyond the jump, motion proceeds 
continuously in accordance with (81). 

Let us represent graphically the meaning of the condition of the 
jump. Since, in our case, the velocity undergoes a jump, we will 
compare the velocity diagram as a function of time for the case m # 0 
(equation of second order) with a similar diagram for m = 0 (equation 
of first order plus condition of the jump). The initial values of x and z 
can be taken arbitrarily, say, for t = 0, « = 20, (%1 > 0), « = 0. 
The dependence of the velocity on time, following the equation of 


R 
R 


Fic. 28. Fig. 24. 


second order, has the form represented in Fig. 22A (taking m < b?/k 
in the construction of the graph). 
If we use the equation of the first order, the initial value x = 2 


automatically provides the initial value = — 5 Xo and a further vari- 


ation of the velocity with time according to Fig. 22B. 

The jump eliminating the conflict between the initial conditions 
£ = Xo, & = O and the differential equation of first order is represented 
in Fig. 22B by the cord OO;. The similarity of Figs. 22A and 22B is 
evident; the physical meaning of this similarity has been explained 
earlier. 

An electrical circuit including capacitance, inductance and resist- 
ance (Fig. 23) will serve as a second example of a degenerate system. 
In the equation describing the behavior of the circuit: 


(37) Lg+RG+ 7 =0, 


let the parameter L be small while RF is large. The values go and go 
(charge on the condenser and current in the circuit) corresponding to 
the initial time can be chosen arbitrarily. Neglecting inductance, i.e. 
assuming L = 0, we obtain a circuit represented in Fig. 24, which 1s 
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described by the equation 
(38) RG ss = 0, 


Here go is defined by the initial value go. At the initial time, however, 
we may arbitrarily choose g as well as g. Lect us take, for example, 
qo 
RC 
initial current can be chosen arbitrarily. It does not correspond 
to the value given by this equation. However, since the inductance 1s 
very small, the variation of the current is very rapid and the current 
approaches very rapidly the value which would be given by the 
equation of the first order (88). The charge on the plates of the 
condenser, however, does not have time to change during this period. 
Using the complete equation (37), we may follow these rapid vari- 
ations of the current and obtain a curve g = f(t) analogous to ¢ = f(t) 
represented in Fig. 22A. If we are not interested in the details of 
the variation of current for small t, we may neglect inductance and, 
instead of studying the initial stages of the movement, introduce the 
jump. As long as we consider that the circuit possesses only capaci- 
tance and does not have inductance, we must assume that all the 
energy of the circuit is stored in the condenser. Hence the condition 
of jump permits, in this case, an abrupt variation of the current with 
the charge of the condenser remaining constant. When we neglect 
inductance we must assume that, independently of the initial current 
19, the current 2 jumps to a value defined by the cquation of the first 
order (88). We then have for z = g¢ the same curve as the one for # 
in Fig. 22B. Of course, a real circuit always has some inductance, 
thus ruling out abrupt jumps of the current. If, however, the induc- 
tance is small and the current changes rapidly, we may assume for 
many applications that it undergoes an instantancous Jump. 

If we assume instantancous variation of the current in a circuit 
containing inductance, i.e. if we assume that at certain times Gg = o«, 
we must also assume an infinite induced voltage Lg across the coil. 
On the other hand, if we assume instantaneous variation of the charge 
on the condenscr, we are forced to admit the creation of infinitely 
large currents in the circuit (because, if gq changes by a Jump, ¢ = 2 
= ©), QOur assumption concerning the charactcr of the Jump does 
not allow either of these variations. 

An analogous discussion can be applied to a circuit with inductance 
and resistance but without capacitance (Fig. 25). The concept of 


go = 0. According to (38), go = — =, when g = go (go > 0). The 
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such a circuit is also an idealization. The equation of the circuit is 
now 


(39) Li+ Ri = 0. 


The initial values 7 = 7p and 7 = 1 can be taken arbitrarily. Accord- 
ing to (39) the relationship between 7 and 7 is unique. Consequently, 
we must assume a sudden variation of 7 at the R 
initial time with the observation of the condition 
of the jump according to which 7 must remain 
constant. All the energy of the circuit is stored 
in the coil and is equal to £77/2. After that, the 
motion is determined by (39) and proceeds con- 
tinuously (without jump). 

4, Stray parameters. We have reduced the Fre. 25. 
order of the basic differential equation from two to one by neglecting 
inductance. It could also be done by neglecting capacitance, and this 
would be as important from the practical standpoint. It is, however, 
easier to construct a circuit in which inductance plays a secondary role 
than one in which the secondary role is played by capacitance. The- 
oretically, however, both have equal weight. Both may lead to the 
notion of jump and, conversely, the presence of small inductance 
or capacitance can prohibit these Jumps. These small inductances 
and capacitances are present in all real systems and cannot be totally 
eliminated. Whenever they are not consciously introduced into the 
scheme but are present as the result of properties of the conductors, 
they are called stray capacitance and inductance 
and they are usually neglected. Thus, in order 
to obtain the circuit with one degree of freedom 
of Fig. 25, we have to neglect the stray capaci- 
tance of the induction coils and of the resist- 
ances. If we take into account the stray 
capacitance, even under the form of a lumped 
capacitance Cy (Fig. 26), we see immediately 
that 2 cannot vary by a jump (the voltage across the stray capacitance 
is Lz; it cannot undergo a jump because then the energy of the charge 
of the condenser Cy would also have to undergo a jump). Similarly, 
if we take into account the stray capacitance (as a lumped capacitance 
Co) of the resistance of the circuit represented in Fig. 24, we shall arrive 
at the circuit represented in Fig. 27. We can immediately see that 
in this scheme the jumps of the current become impossible because the 
voltage across Cy is equal to Ri and cannot vary by jumps. 


Fia, 26. 
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Let us note a circumstance which, at first, does not seem to be 
clear. In Fig. 27 the condensers C and C) are in parallel, which may 
be regarded as a simple increase of the capacity C.. Why, then, does 
the capacity Co exclude jumps, while the capacity C does not? This 
apparent difficulty disappears immediately if we realize that Co is a 
stray capacitance duc to the mutual capacitance of the turns of the 
resistance; therefore we can neither eliminate it nor divorce it from the 
resistance /?. Jlence we cannot choose any of the initial conditions 
of the ‘“‘circuit’’ Co,R. The only initial characteristics of this arrange- 
ment that we can choose are the initial current 2) and the initial charge 
go of the plates of the condenser Co. We are able to give independent 


Fic. 27. Fia. 28. 


values to 7) and qo if, for example, we introduce between C and FR a 
certain difference of potential # (Fig. 28). Even under these simple 
circumstances we do introduce initial conditions incompatible with 
the equation of first order 


‘ ie 
hit o 0 


when the switch in Fig. 28 is closed. 

As we cannot disconnect the stray capacitance, in the circuit 
of Fig. 27, described by two differential equations of first order with 
two integration constants, we can introduce arbitrarily only two ritial 
values. Thus in this case the possibility of a conflict caused by 
incompatibility between the initial conditions and the equation, and 
related sudden variations in the state of the system, is eliminated. By 
taking into account the stray capacitance, not only are we introducing 
a certain additional capacitance Cy) but also a certain additional condi- 
tion (connecting go and goo, the initial charge on Co) which makes the 
jumps impossible and eliminates a possible conflict. 

At this juncture it 1s natural to ask the following question: What 
modifications in the stability behavior are associated with the replace- 
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ment of a non-degenerate differential equation of order two by a 
degenerate equation of order one? One can see at once that, if in the 
solution (33) one of the exponents increases indefinitely (as a conse- 
quence of the degeneracy), the states of equilibrium are stable in both 
the degenerate and the non-degenerate system, and, as both exponents 
are negative, stability is unaffected. Later we shall discuss cases where 
stability is affected. 


S6. LINEAR SYSTEMS Wi1TH “NEGATIVE FRICTION”? 


In ordinary systems with friction, the coefficient h = b/2m (or in 
electrical systems h = R/2L) is always positive since friction always 
resists the motion and 6>0 (hk >0). A positive coefficient of 
friction and a positive resistance mean that the overcoming of friction 
(or resistance in electrical circuits) requires energy. In fact, if in 
the equation of motion 


(11) mé + bg + hkx = 0 


we multiply all the terms by z and integrate from 0 to 7, we obtain 


mfscas [oat [asa = 0. 
0 0 0 


By integration we find 


T T 


= —fibz? dt. 


0 


mx kx? 


2 2 


At the left we have terms representing the variation of the kinetic 
and potential energies of the system when ¢ goes from 0 to 7; their 
sum is the variation of the total energy during this time. If 5b > 0, 
the integral at the right is positive and the variation of energy is 
negative, i.e. the energy of the system decreases. ‘This decrease of 
energy is caused by the loss of energy due to friction. 

If b and hence h were negative, the energy of the system would 
increase and “‘friction’’ would represent a source of energy. It is 
clear that in a system without a source of energy this is impossible, 
and b as well as h is always positive. If the system possesses a reser- 
voir of energy, then one can allow h < 0 and the energy of the system 
increases on account of “friction” or ‘‘resistance.’’ Of course this 
will no longer be friction or resistance in the ordinary sense. When it 
is characterized by the same term of the differential equation as 
ordinary friction, namely by the term in #, we shall use the expression 
“friction and resistance’’ even in the case of negative h, and speak of 
‘negative friction”’ and “negative resistance.” 


0 
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1. Mechanical example. The simplest example of a mechanical 
system where “‘friction’”’ is negative in a certain region is represented 
in Fig. 29. <A mass m fixed by the springs 4; and fs is placed on a 
ribbon moving uniformly with a velocity vo. The friction of the ribbon 
on the mass is a certain, quite complicated function F’(u) of their 
relative velocity u. Let x denote the displacement of the mass and % 
its velocity; then the friction on the mass 
m is expressed by F(vo — x). If we 
designate the “resulting” spring constant 
by & and assume that all the other 
frictional forces (for example, air resist- 
ance or internal friction of the springs) are 
proportional to the first power of the veloc- 
ity, the equation of motion of the mass ™m is of the form 


(40) mi + bt + kv = Fluo — 2B). 


Fic. 29. 


We may confine our attention to the region where t Kv. Assuming 
z small, let F(vo — 2) be expanded in powers of # 


F(vg — 2) = ['(v9) — £F'(v9) + poe 


IKXeeping only the first two terms and substituting in (40), it assumes 
the form 
mé + [b + F’(uo) Jt + kx = Fv). 


The position z% = 7, (vo) corresponds to z = £ = O,1.e. it 1s a position 


of equilibrium. Replacing x by 2) + 2 amounts to measuring the 
displacement from the position of equilibrium and puts the equation 
in the form 


(41) mé + (b + F’(vo)]t + kx = 0. 


As to the coefficient 6 + F’(vo) of , its value and sign depend on the 
form of the characteristic of. friction; F’(vo) represents the slope of 
the frictional characteristic /(u) at the point vo. If the frictional 
characteristic decreases, F'’(vo) <0. If the frictional characteristic 
decreases very rapidly about vo, then b + F’(vo) <0 and (41) 
describes a system with “negative friction.’”’ It is easy to realize 
this case in practice because frictional characteristics of dry surfaces 
have generally the form represented in Fig. 30; there is almost always 
at the beginning a part where they decrease sufficiently rapidly for 
small velocities. In this part our scheme will represent a linear 
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system with “negative friction.”’? One has to note that we arrived at 
such a linear system by limiting ourselves to t <v». This limitation 
will play an important role in a question of interest later. 

Another example of a mechanical system in which friction is nega- 
tive in a certain part is the Froude pen- 
dulum. This is an ordinary pendulum (u) 
suspended with friction on a shaft 
moving uniformly with an angular veloc- 
ity Q (Fig. 31). The equation of motion 
of this pendulum only differs from that 
of an ordinary pendulum in that the 
moment of the frictional force of the 
revolving shaft against the bearing has 
to be accounted for. Since the frictional uJ 
force depends upon the relative velocities nee 
of the rubbing surfaces, i.e. in our case upon the relative angular 
velocity (2 — ¢) of the shaft and of the pendulum, the moment of the 
frictional force can be expressed by F(Q — ¢). Let us limit, as usual, 
the discussion to small angles ¢, replacing sin ¢ by ¢, and let us take 
into consideration, besides the friction of the pendulum 
against the shaft, air resistance assumed proportional 
to the angular velocity. Then the equation of 
motion will be 


(42) Ip + bd + mglo = F(Q — ¢). 


Confining our attention, as in the preceding example, 
to 6K 2, we develop F(Q — ¢) in series of powers of 
@ and retain only the first term. Hence 


(43) 6 +bd + mgld = F(2) — 6F"(Q). 


The constant term F(Q)! causes here also merely a 
displacement of the equilibrium. For the new angular 
coordinate, still called ¢, taken from the new displaced 
position of equilibrium, the equation of motion assumes 
the form 


(44) Io + [b + F'(Q)]d + mgld = 0. 


1 Notice that F(Q) may be assumed constant merely in so far as the pressure 
of the bearing on the shaft during the oscillation of the pendulum can be assumed 
constant and in so far as one may neglect the redistribution of pressure, for example 
when the bearing is so tight that one may disregard the pressure due to the weight 
of the pendulum. 
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If F’(Q) <0 and its absolute value is greater than that of b, the 
coefficient of ¢ will be negative. In a certain interval of © values 
where the frictional characteristic decreases very rapidly for sufficiently 
small b, it is possible to have b + F’(Q) negative and we obtain then 
an equation analogous to the equation of an ordinary system with 
friction 


¢ + 2hd + wid = 0 


with the difference that the coefficient h will be negative, i.e. we 
shall again obtain a linear system with ‘negative friction.” 

2. Electrical example. It is entirely possible to construct an 
electrical system which will have a ‘‘negative resistance”’ in a certain 
interval. A vacuum tube oscil- 
lator, represented in Fig. 32, 1.e. 
a scheme comprising a vacuum 
tube, an oscillatory circuit, and 
feedback, is such a system. Its 
distinguishing feature is a cou- 
pling between the grid and the 
plate, called feedback coupling. 
It can be obtained in various 
ways. 

We shall study the simple 
case of a circuit consisting of an inductive feedback coupling ;! we shall 
not examine circuits including capacitance or mixed feedback coupling, 
for either they do not offer anything essentially new or else they lead 
to differential equations of the third order, 1.e. to a system with “one 
and a half degrees of freedom” and thus exceed the scope of this book. 
Let us assume for simplicity that there is no grid current in the circuit. 

For the grid circuit Gn the scheme with feedback coupling) we 
obtain an equation differing from the ordinary equation of oscillatory 
circuits only in that the right-hand part of the equation will include 
an input voltage. It arises in the circuit as a consequence of the action 
of the plate current through the coil LZ; on the circuit. Its expression 
is MI,, and the equation of the circuit is 


il 
Fie. 32. 


(45) LOV + RCOV+V = MI. 
If we neglect the resistance in the capacitance link of the circuit, we 
can assume that the difference of potential V on the condenser and 


1A similar treatment could be applied to a circuit with inductive feedback 
coupling but with a tuned plate circuit. 
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on the grid is the same and therefore J, is a function of V. Generally 
speaking, the plate current is a complicated function of the plate and 
grid voltages. For simplicity we shall neglect the effect of the plate 
voltage and assume that J, 1s a function of V alone. Under these 
assumptions we may write J, = f(V) and hence 


(46) i; = GmV 


where gm = df/dV, the mutual conductance of the tube g,, is a variable 
depending on V in a complicated manner. An example of this char- 
acteristic 1s represented in Fig. 33. 

Introducing the expression (46) into 
the expression (45) we obtain 


LCV + (RC — Mon)V +V = 


Thus we arrive at an equation in which, 
instead of R, we have a more complicated 
expression which is, in general, variable 
since gm depends on V. If we choose a 
portion of the characteristic which can be 
considered linear, for example, the portion 
between a and b (Fig. 33), and examine 
the behavior of the system in a limited range of voltages, from 
V, to Vy, we may assume that gm is constant. In other words, we 
can choose such a limited range for V that, when developing f(V) in 
series, we need only retain the linear part. Then gn, = (0f/dV)y, 
= the mutual conductance at the operating point. JM is determined 
by the relative position of the turns of the coils 2, and L (see Fig. 32). 
Assume that it corresponds to a positive Af, i.e. positive feedback. 
Then, if Af is sufficiently large, RC — My,,, may be negative. Thus 
we obtain an electrical system described by a linear equation 


V + 2hV + wV = 0 


with h < 0, 1.e. with “‘negative resistance.” 

3. Representation on the phase plane when the resistance is nega- 
tive. We have just considered phenomena with ‘‘negative”’ resist- 
ance, i.e. leading to a differential equation 

# + 2ht + wix = 0, h<0. 
Their treatment is formally the same as when h > 0. The practical 
differences occur only between h quite small: h? < #9 and h quite 
large: h? > wi. We discuss the corresponding paths separately. 
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First case: h? <w. The curves are spirals represented as before 
by (20) (cartesian coordinates) or (23) (polar coordinates), and the 
sense of description is illustrated in full by Figs. 34 and 35. The 
representative point moves away from the origin, and the state of 
equilibrium corresponding to the origin is unstable. The origin is an 


unstable focus. The maxima of the oscillations increase with time 
(Fig. 36) and form a geometric progression of ratio e~*7! = e4,d > 0. 
The number d 1s the logarithmic increment of the system. 

Second case: h? > wj. The paths are represented by (30). This 
time, since h < 0, the exponents qi,¢2 are such that g1 < q2 <0. The 
curves are parabolic as before and shown in Fig. 37. The representa- 
tive point moves again away from the origin, which is now an unstable 
node. 
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An important observation is to be made regarding the physical 
systems which gave rise to a “‘negative” resistance: the corresponding 
differential equations turned out to be linear solely under the assump- 
tion that the coordinate z and velocity # are not very large. In terms 


y 
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Fig. 36. 


of the phase plane this assumption means that the representative point 
remains quite near the origin. From the practical standpoint the chief 
information that we have gathered is that the point tends to depart 
from the origin. When it reaches a position outside a certain region, 
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the assumption at the root of linearity ceases to hold and one must 
have recourse to some other differential equation to describe the 
motion. In the mechanical example leading to (42) this shows itself 
in that when ¢ is large one must take terms of higher degree than one 
in the development of F(Q — ¢) and thus (42) will not yield (43) nor 
(44) but an equation with terms in ¢? and also perhaps in ¢° and higher 
powers of ¢, in short a non-linear differential equation. Similarly 
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with the electrical example and (45). In other words, in general a 
linear equation may not suffice to describe a phenomenon throughout an 
indefinitely large time interval. The necessity of studying non-linear 
systems becomes thus apparent. They will be taken up at length 
in the following chapters. 

4. Behavior of systems with changing feedback coupling. Refer- 
ring everything for convenience to the electrical model with feedback 
coupling,’ we continue to suppose the coil so arranged that Af > 0. 


1In mechanical systems there is no analogue to variable feedback coupling. 
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We have then h = (RC — Mg,,,)/2L and, by compensating for the 
resistance by the coupling to as high or low an extent as we please, we 
may make h decrease from large positive values to wo, then to zero, 
then through negative values to —w.) and below. We shall then pass 
successively through all the systems considered in succession: stable 
node, stable focus, center (for h = 0), unstable focus, unstable node. 
Each of the states except the center is characterized by a definite 
interval of values for h. The center corresponds to a single value 
h = 0 and is not realizable physically but rather to be viewed as a 
limiting case between the stable and unstable foci. 

The passage from one type to another proceeds gradually in real 
systems, and the physical limit between aperiodic and oscillatory 
damping is not too sharp. For, when damping increases, the system 
loses its oscillatory property gradually and not all at once. In other 
words, in real systems we cannot distinguish a “strong” focus, i.e. 
focus with a very large h (when h? is only a little smaller than w) 
from a ‘‘ weak”’ node, 1.e. a node for which h? is only slightly larger than 
wo. In the same way, we cannot distinguish very weak damping 
from very weak growth because in order to discover the difference 
between these two processes we would have to wait for an extremely 
long period of time. 

As we have seen above, an adequate choice of the direction and 
magnitude of feedback enables us not only to decrease the damping of 
proper oscillations of the system but also to make the oscillations grow. 
The physical meaning of this phenomenon is entirely clear. The 
decrease in damping is apparently conditioned by the acquisition of 
energy from an outside source (in our case the plate supply source) 
and it compensates part of the energy dissipated in the circuit, thus 
slowing down damping. The stronger the feedback, the more energy 
enters from the battery into the circuit for a given period, and the 
greater the compensated part of the energy loss becomes, and conse- 
quently the weaker the damping of the oscillations. When the 
feedback increases further, the energy entering the circuit may. become 


Hence to modify the situation one must have recourse to some other parameter 
such as the friction coefficient. In a regenerative circuit, instead of modifying 
the magnitude of feedback coupling, one could change the transconductance 
characteristic at the working point, i.e. the value of gm. The absence of feed- 
back coupling in mechanical systems makes the analogy with vacuum tube gen- 
erators incomplete. The analogue of a pendulum may be obtained by means of a 
dynatron without feedback coupling where self-excitation is caused by work on 
the downward portion of the characteristic of the vacuum tube. 
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greater than the energy lost, and then the energy in the circuit will 
increase—growing oscillations will take place in the circuit and, if the 
feedback increases further, even aperiodic growth can take place. As 
to the duration of the growth of oscillations, we cannot say anything 
as long as we limit ourselves to a linear scheme. 

Let us return to the question of compensation of energy losses 
in the system. For electrical as well as for mechanical systems the 
picture from this point of view isthesame. In the case of an oscillator, 
the energy is furnished to the circuit by a d.c. plate supply, and the 
tube represents only the mechanism regulating the input of energy 
into the circuit. In the mechanical system of No. 1, to which all our 
conclusions can be applied, the motor moving the ribbon or the shaft 
is the source of energy, while the transmission of this energy to the 
oscillatory system is conditioned by a corresponding form of the char- 
acteristic of friction. The form of the characteristic is such that the 
belt and the shaft “‘help’”’ the body move in one direction more than 
they hamper it when it moves in the opposite direction. If we have 
M <0 (feedback coupling) for the regenerating receiver, or if in 
mechanical systems we situate the operating point on the upward 
instead of the downward region of the friction characteristic, then the 
energy of the battery or the motor would not pass into the oscillatory 
system; on the contrary, part of the energy of oscillations would dissi- 
pate in an auxiliary mechanism (at the anode or at the bearing) to 
overcome friction. The damping of oscillations in the system would 
not only decrease but, on the contrary, would increase if the direction 
of the feedback coupling were incorrect. 

To conclude, let us note (although these questions will not be 
studied in this book) that when an outside force acts upon a system 
with feedback (for example, upon a regenerative receiver) it is possible, 
retaining the linear idealization, to answer certain questions. For 
example, when h < 0 (.e. in the case of an under-excited regenerator) 
and the signals are weak (i.e. the case of an action not driving the 
system out of the region which can be regarded as linear), the feedback 
only decreases the damping of the system (increases its sensitivity and 
selectivity) without changing the ‘‘linearity”’ of the properties of the 
system. For sufficiently strong signals, however, this assumption 
would be incorrect. 


S7. LINEAR SYSTEM WITH REPULSIVE FORCE 


Thus far we have been studying linear systems with a quasi-elastic 
force, i.e. a force “attracting” to the equilibrium position and propor- 
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tional to the displacement of the system. In all these the character of 
friction varied but the force remained attractive. Quite often, how- 
ever, one meets with systems of considerable interest to theory of 
oscillations, in which the force, instead of attracting the system to the 
position of equilibrium, repels it away from it, the magnitude of this 
repulsive force increasing with the displacement. When studying 
such systems the question arises: What is the relationship between the 
repulsive force and the displacement? We shall examine 
a few examples and find that in the region of sufficiently 
small deviations one can consider the repulsive force as pro- 
portional to displacement. Such an assumption leads to 
linear systems having a repulsive force instead of an attrac- 
tive force. The behavior of these systems differs substan- 
tially from the behavior of the linear systems investigated 
above. 

As a first example, let us examine the behavior of a 0 
mathematical frictionless pendulum in the immediate 
vicinity of the upper (unstable) equilibrium position. 
Then, if the angle ¢ is measured from the upper position of 
equilibrium (Fig. 38), the equation of motion will be 
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mid = mgl sin ¢. 
bo ; Fia. 38. 
If we limit our observations to a small neighborhood of 


the position of equilibrium, we can replace sin ¢ by ¢. The equation 
will then take the linear form 


(47) ¢—-7o=0. 


This equation, as well as the similar one for the lower position 
of equilibrium, does not describe the motion of the pendulum for all 
values of the angle ¢, but only for sufficiently small values of ¢. 

1. Representation on the phase plane. The equation (47) just 
obtained is of the general type 
(48) mé — kha = 0 
where m and &k are positive. ‘To discuss the behavior of the system 
described by this equation, we may apply any one of our earlier meth- 
ods. Thus we may integrate (48) and then discuss the solution 
x = f(t) and z = f’(t) as parametric equations of the paths; or else, 
without integrating (48), we may eliminate the time and then integrate 
the resulting equation, considering it as the equation of the paths. Let 
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us use the second method. Taking « = y, we can replace (48) by two 
equations of the first order 


dx dy  k ‘ 
Oe se ee 
hoe ae aa 
from which follows 
d k 
49) dy ke 
dx my 


The system has only one state of equilibrium (given, as usual, by 
dx/dt = 0 and dy/dt = 0), namely, the point « = 0, y =0. The 
y-axis is the isocline « = 0 (dy/dz = 0) and the x-axis the isocline 
y = 0 (dy/dx = «). In order to determine the exact form of the 
paths, one must integrate (49). The variables can be separated, and 
the integration yields 


Som ei, 


This is the equation of a family of equilateral hyperbolas symmetric 
with respect to the axes. If C = 0, we have the asymptotes of the 
family: y = — VWk/mx and y = VWk/mzx. The origin is the only 
singular point of the family of paths. A singular point of this type 
to which there tend only paths which are asymptotes (the others being 
hyperbolas which do not pass through the singular point) is called a 
saddle point. 

Bearing in mind that x increases when the velocity £ 1s positive 
and decreases when Z 1s negative, we obtain in the four quadrants 
the directions of motion of the representative point over the phase 
plane, as shown by the arrows in Fig. 39. Clearly, whatever the 
initial position of the representative point (with the exception of the 
singular point and of the points on the asymptote y = — Vk/mz 
passing through the second and fourth quadrants), it always moves 
away from the state of equilibrium and the motion will be aperiodic 
and not oscillating. The velocity of the representative point becomes 
zero only at the singular point, and it is different from zero elsewhere. 
Thus, even if at first the point moves along one of the paths towards 
the singular point (motion in the second and fourth quadrants), it will 
move later as far as we choose away from it. This will take place 
in all cases with the exception of motion along the asymptote y = 
— Vk/mx. Hence here equilibrium is unstable, for, clearly given a 
region e, there is no corresponding region 6(e) such that, if the represent- 
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ative point is ever in 6(e), it does not leave the regione. Thus a saddle 
point is always unstable. This instability is related to the type of 
singular point and the character of the paths and not to the direction 
of motion of the representative point along the paths (if the motion is 
reversed, the singular point will remain unstable). 

As to the motion along the asymptote y = — ~/k/mz, it repre- 
sents a special case when the system can only tend to the equilibrium 


y=-VK& x y ya\K x 
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state. During this motion, the representative point tends to the origin 
with a velocity tending to zero but never reaches it. This type of 
motion will be studied later in detail. The possibility of such a motion 
toward the state of unstable equilibrium is, however, quite clear on 
elementary grounds. In fact, for all initial deviations of the pendulum 
from the upper state of equilibrium, we may always choose the initial 
velocity so that the kinetic energy of the pendulum at the initial 
moment is exactly equal to the work it has to spend in order to reach 
exactly the upper state of equilibrium. As we shall see later, however, 
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if we could choose exactly such an initial velocity, the pendulum would 
reach the upper state of equilibrium only after an unlimited time. 
Let us suppose now that, in addition to the repulsive force, the 
system possesses friction, which is either positive or negative. The 
first case will take place when the pendulum is near the upper equi- 
librium position and the friction force is proportional to the velocity. 
In this case, the equation describing the system will have the form 


(50) ¢ +2hd —ko =0 


where h > 0 and k > 0. 
2. Electrical model. We have the second case, 1.e. when h < 0 
in (50), in the Froude pendulum near the upper state of equilibrium. 
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Instead of this, we shall consider an electrical system (Fig. 40) which, 
with a suitable idealization, behaves in the same way. 

The scheme of Fig. 40 differs from a vacuum tube oscillator circuit 
only by the peculiar fecdback coupling. In place of the more usual 
feedback possessing inductance and capacitance, the voltage fed back 
to the grid is obtained through the resistance r in the plate circuit. 
The 180° phase shift necessary for the creation of instability (conditions 
of excitation), is provided by a second tube Ty, which changes the sign 
of the input voltage at the grid. In an ordinary scheme with an 
inductive feedback coupling, the phase shift is achieved by turning 
the coil of the feedback coupling (by the choice of the sign of Jf). 
In the present case, the change of phase cannot be accomplished by 
such a method, so that a vacuum tube is used. This tube must be 
linear so as to reverse the phase and increase the voltage without 
changing its form. If we assume that this condition is fulfilled, it is 
easy to find the relationship between the grid voltages of the first 
and the second tube, i.e. between the voltages e,, and é,,. 
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If the directions of the currents are given by the arrows of Fig. 40, 
we obtain for the grid voltages the following expressions: 


Cg, — =—74, Ca, = —ke,, = kri 


where k, the amplification of the stage containing Ty is a constant 
depending on the parameters of the vacuum tube Tn and the load 
resistance # in accordance with the relation 


R-+ ry 


where yw is the amplification factor of Ty and rz is the plate resistance 
of Tn. Using the established relationship between e,, and e,, and 
applying Kirchhoff’s law to the circuit L, C, r, we easily obtain the 
equation corresponding to our scheme. First of all, neglecting grid 
currents (in the grid circuit,of both tubes), we obtain 


: : 1 
Ll, —li—ri~ 7 Jidt = 0. 


If we neglect the plate voltage, as we have done before, we may assume 
that 

I, = b(Eq,) = okra), 
so that finally 


1 
Lrg! — li ri a fidt = 0. 


a oe ue 
Here ¢’ is —>1.e. the mutual conductance of T;. If we limit ourselves 
Cg, 
to small values of z, we can (as in the case of the regenerating receiver) 


consider that the characteristic is lmear. Then ¢° = gm,, the mutual 
conductance characteristic at the operating point, and we obtain 


; ] 
L(krgm, — 1)t — rt — att dt = 0, 


or, after differentiation with respect to £, 


L(krgm, — 1)t — rt — 7 = 0. 


If krgm, < 1, this is an ordinary differential equation of the second 
order for a system with ‘‘attractive force” and positive friction. If 
krgm, > 1, a condition which can be achieved by a proper choice of 
and r, 7 and 2 have negative coefficients and the equation corresponds 
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to a system with “repulsive force” and negative friction. As in 
previous cascs, our lincar equation can be applied only in a certain 
limited interval where 7 is sufficiently small and the characteristics 
of the tubes can be considered as linear. 

Thus the two cases—pendulum in the upper position of equilibrium 
and vacuum tube generator with resistance feedback—lead to an 
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equation of the form 
x + 2hx -f- As x = Q, hy <0 


with h positive in the first case and negative in the second. The formal 
treatment of this equation is the same as, for instance, that of (11) and 
leads in particular to an equation such as (30) for the phase plane 
trajectories. Here qi and gz are h + ~/h? — ky and therefore both 
real, one of them, say qi, > 0 and the other, ge, <0. Let us set 
m1=¢92 = -¢7,¢7 >0. Then (30) assumes the form 


(y + qz)t: (y — g’x)¥ = C. 
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Hence setting y + gz = u, y — q’x = v,-we have the u,v equation 


UuyT = C 
or with r = q’/¢q > 0, 
D 
ut = D, C= 
yr 
where D, like C, is an arbitrary constant. 
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In the u,v plane the curves are hyperbolas and hence they are the 
same in the z,y plane. The discussion is the same as before for a 
saddle point, and details may safely be omitted, all the more since 
Figs. 41 and 42, which correspond respectively to h positive and h 
negative, supply ample information. Thus negative friction does not 
essentially modify the situation, whose characteristic feature continues 
to be a saddle point and unstable equilibrium appropriate to such a 
point. 

We terminate our treatment of linear systems with a fundamental 
observation for the sequel: None of the phase plane diagrams, except 
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the one corresponding to a harmonic oscillator without friction (.e. a 
conservative linear system), represented closed paths, and all the paths 
had branches leading to infinity. Yet, to the periodic processes there 


Vv 


ZN 
Ww 


Fia. 48. 


must correspond closed paths. Therefore, our investigation of linear 
systems leads to the following important conclusion: Pertodic processes 
cannot occur in linear non-conservative systems. 


CHAPTER II 
Non-Linear Conservative Systems 


$1. INTRODUCTION 


While dissipation exists in all natural systems, its action is some- 
times so slow that its effect may be disregarded. ‘The sum of kinetic 
and potential energy is then assumed to be constant, i.e. one assumes 
the law of conservation of energy and the system is regarded as 
conservative. 

To some extent the time during which the system is considered 
may settle the question. Take for example an almost frictionless 
pendulum suspended on knife edges in vacuum. One may consider 
it as forming a conservative system during a short time but not during 
a long period of time. Similarly the motion of the earth may be taken 
as conservative throughout many centuries but not throughout geo- 
logical periods. For the latter it would be necessary to take into 
account tidal friction, and this would prevent us from regarding the 
system as conservative. 

The study of conservative systems will be of great value to us 
first for its own sake and also as an occasion for introducing many 
.concepts required later. 


$2. THE SIMPLEST CONSERVATIVE SYSTEM 


The simplest conservative system with one degree of freedom con- 
sists of a material point in rectilinear motion under the action of a 
force which depends solely upon the displacement. The position of 
the point is determined by a single coordinate x, and the mechanical 
state of the system by x and the velocity «. To simplify matters, 
assume the point of mass one. The equation of motion is then 


(1) % = f(x) 
where f is the force. An equivalent system is 
(2) é=y, y= f(a). 


In the sequel we shal! generally assume that f(z) 1s an analytic function 
for every 2%, i.e. it may be expanded in Taylor series about every point 
x: As we have seen, the differential equation defining the paths is 


1A function f(z) is analytic at the point a whenever it can be expanded in 
61 
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(3) So OLE): 


We have shown that, since y is the velocity, then for y > 0, i.e. in 
the upper half-plane, the representative point moves in such manner 
that x increases and for y < 0, 1.e. in the lower half-plane, it moves so 
that x decreases. The direction of the motion over the phase plane is 
thus defined. The speed of motion of the representative point is 


(4) bl=s= VP +e = VP +P). 


Let us recall that one should distinguish the velocity of the material 
point from the velocity of the motion of the representative point on the 
phase plane. The first velocity « = y is equal to the ordinate, while 
the magnitude of the second 


= VF FPO = bl yi + (“) 


is equal to the length of the normal to the path at the representative 
point. The expression (4) shows that the representative point has a 
finite non-zero velocity at all points of the phase-plane with the excep- 
tion of the positions of equilibrium (singular points) in which y = 0, 
f(x) = 

Thus all the equilibrium positions correspond to points on the 
x-axis, and in fact to the solutions of f(x) = 

Through every point (%0,yo) of the phase plane where the conditions 
of Cauchy’s existence theorem are fulfilled’ by (8), there passes a 


a Taylor series about a (MacLaurin series for a = 0), Le. if, 


f(a) = fla) +(e ~ alfa) + 2S pra) + - - 


where the serics is convergent for |x — al sufficiently small. The function f(z) 
is holomorphic in an interval b <2 <c, or —~ <2 < +0, if it is analytic at 
each point of the interval. Similarly f(z,y) is analytic at the point Af(a,b) if it 
can be expanded in a Taylor serics about Af (in powers of z — a, y — b) con- 
vergent for |z — al and |y — b] sufficiently small. It is holomorphic in a region R 
if it is analytic and single-valued at each point of R. The extcnsion to any number 
of variables is obvious. 

1 Cauchy’s theorem for dy/dx = ¢(2,y) asscrts that whenever ¢ is analvtic at 
AM{(a,b) there exists a unique solution y(z) analytic at Jf and such that y(a) = b. 
Moreover, if ¢(z,y) is holomorphic in a region /t, the solution y(z) can be extended 
throughout ?. Roughly speaking, the singular points arc those whcre ¢ ceascs to 
be analytic; thus for (3) the points whcre y = O are singular. Similarly for a pair 
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unique path, a solution of (3). If we consider y as a function of x 
defined by (3), and since ¢, = —f(x)/y?, Cauchy’s conditions do not 
hold on the z-axis (y = 0). On the other hand, consider now x as a 
function of y defined by dx/dy = y/f(x). This time 


et C2 
Pe = Aa)” 


and so Cauchy’s conditions fail now on the lines f(z) = 0. Since the 
paths remain the same, there will pass one and only one through any 
point but those where y = 0, f(z) = 0, 1.e. through every non-singular 
point. Referring to (4) we see that the velocity of the representative 
point tends to zero as it tends to a singular point. 

While the paths are represented directly by (8) and only para- 
metrically by (2), there is a well-known difference as regards the 
singular points. For instance, let the origin be such a point. Under 
our assumptions (2) satisfies the Cauchy conditions at the origin 
and so x(t) = 0, y(t) = 0 is a “point” solution of (2) and it is the 
unique solution of (2) ‘‘through” the origin. No other path as 
defined by means of (2) can reach the origin. Now let (3) yield a 
path passing through the origin. Outside the origin and near the 
origin this curve will also satisfy (2). However, if the representative 
point describing the curve tends to the origin, it cannot reach it in 
finite time since otherwise (2) would have more than one solution 
through the origin. Instances of this have already been found in 
Chap. I, notably in connection with stable nodes. 


of equations 


dy 
(a) dt = o(x,y,t), dt = ¥(z,y,t), 


dx 

t 
where ¢, ¥ are analytic at Af(a,b,to) or holomorphic in a region &. We have then 
a unique analytic solution z(t),y(t) (a unique vector) such that x(fo) = a, y(to) = b. 
The solution represents a unique curve through M. For an cquation of order two 


(B) x + f(z,4,t) = 0 

we proceed as follows. It is supposed that f(z,y,t) is analytic at (xo0,%0,to). Setting 
~ = y, we find the system 

(y) “= Y, y = —f(x,y,t) 

with right-hand sides analytic at the same point. Thus (y) is of the same nature 
as (a). Hence it has a unique analytic solution z(t),y(t) such that x(to) = zo, 
y(to) = 2%. Since y = 2, (8) has a unique analytic solution x(t) such that r(to) = 
ro, £(to) = Xo, i.e. a unique solution z(t) with preassigned position zo and velocity 
Zo at time fo. 
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§3. THE PHASE PLANE IN THE NEIGHBORHOOD OF THE SINGULAR 
POINTS 


Let us introduce the function V(z) given by 


—V(«x) = ic dx. 


Thus —V(z) is the work done by f(#) and so V(@) is the potential 


zZ 


energy. The kinetic energy is $4? = $y. Now (1) may be written 
¢-+ V’'(x) = 0. 

Hence multiplying by « and integrating we find 

(5) F(xy) = ay? + V(x) = h 


which reads: kinetic energy + potential energy = constant. In 
other words, (5) expresses the law of conservation of energy. If 20,yo 
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are the values of x,y at time t = ty, we have 
3Yo + V(a) = h, 


so that h is determined by the initial conditions. The curves (5) are 
the integral curves of (3), and one and only one passes through every 
point. Jt is not certain, however, that h may assume all possible 
values. Moreover, a given curve (5) may consist of several distinct 
branches, each representing a 
distinct motion. This would be 
the case, for instance, if the curves 
were hyperbolas. 

The following properties of the 
paths of (2) may be pointed out: 

(a) Since (5) is unchanged 
when y is replaced by —y, the 
paths are symmetrical with re- 
spect to the z-axis. 

(b) The locus of the points 
where the tangents to the curves 
are vertical is the x-axis. YINZ 

(c) The locus of the points 
where the tangents are horizontal 
consists of the lines f(z) = 0, ie. 
of the verticals through the singu- 
lar points. 

Our present paths may be con- 
structed as follows: Corresponding 
to two horizontal z-axes with 
origins on the same vertical erect a 
g-axis and then a vertical axis on which are to be plotted the values of 
y/~/2. Draw first the graph z = V(z) and the lines z = h, then 
read off for any x the value h — zand plot y/v/2 = + Wh — zin the 
obvious way. ‘Two particular cases are illustrated in Figs. 44 and 45. 

Let = be a singular point and set V(%) = ho. We propose to 
examine the general aspect of the paths near the singular point. As 
a preliminary step we require the expansions of f(x) and V(a) about Z: 


Fia, 45. 


(6) f@) =a@-)+F@-+F@-H+---, 


(7) V(z) = ho — ere P+ @— a+ Te a + ee 
a=f'(%) =—-V"@), a=f"(@ = -V''®, 


66 NON-LINEAR CONSERVATIVE SYSTEMS (Ca. II 


The expansion (6) of f(r) is merely its Taylor series about Zz. The 
first term is absent since f(#) = 0. The second series represents 
the Tavlor expansion of }(zr) where hy = V(t) and the coefficients 
are deduced from those of j(z) together with f = —J”’. They should 
be V'(Z) = —/(E), --- , but V’(z) = O at the extremum fF and so 
there is no first degree term in (7). 

Making now the transformation of coordinates r = r+ §, y = 0 
+7 = 7, the equation (3) of the paths becomes 


a ee a 
‘ 


21 | i! 


(S) Tt hy - 


a, : a,tk-! ! 


We wil first suppose a, = —JV'’(Z) #0. Confining our attention to 
the vicinity of the singular point, i.e., of £ = 7 = 0 (the origin in the 
<.7 coordinates), we may neglect the powers of & greater than two and 
replace (S$) by 


(9) n° — aif? = 2(h — Ao). 


Thus as A varies we have a jamilv of conics whose nature depends on 
the sign of a, i.e. of }’’(%). There are three cases accordingly as a, is 
negative, positive, or zero. They correspond respectively to a poten- 
tial energy minimum, maximum, or “in between” at the singular 
point. 

Consider the first case: a, < 0 and hence the potential energy is 
& minimum. We can only take hk > ho. Setting a? = 2(h — ho), 
6° = 2(h — ho)/—a, (9) becomes 


The approximate paths are similar concentric ellipses and the true 
paths are concentric ovals around the singular point (Fig. 45). This 
may also be deduced directly from the construction of the curves 
for hk shghtly larger than ho. The qualitative (topological) aspect of 
the scheme is that of acenter. The singular point is thus stable. 

It may be noticed that, since Ao is 8 minimum of V(z), the line 
z = ho 18 tangent to the graph z = V(r) at the minimum point. 
By reference to the svstem (2) we verify that the ovals are described 
as indicated in Fig. 45. 

A closely related case, corresponding again to a minimum of V(z), 
is the following: a4, = - +--+ = dy_: = 0, au-1 < 0. Neglecting now 
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the powers of & greater than 2k we have in place of (9) the equation 


Oop &7* = 


(Qk ~ (h — ho). 


Setting —2d4-1/(2k)! = a?, 2(h — ho) = B?, the equation may be 
reduced to 


n? 
27 


n? =— 6? — a? E2k 


z=h, 


=hy 


z=/ (x) 


By plotting 
n= + VB? — ate 


one sees that near the singular point we have again concentric ovals. 
This’can only occur, of course, with the general aspect of Fig. 45. In 
other words, the special case just considered does not differ from the 
previous one. 

The next general case is a; > 0 and hence the potential energy 
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is maximum at the singular point. It is not necessary to repeat the 
discussion. The approximate curves are now 


n° —_ a,&* = 2a, a= h — ho, 


and as h, hence a varies, we obtain a family of hyperbolas symmetrical 
with respect to the axes and with the fixed asymptotes 


Fia. 49. 


They are indicated in Fig. 47. The exact curves are those of Fig. 46. 
The singular point is essentially a saddle point. The exceptional 
branches I, II, III, IV of Fig. 46 correspond toh = ho. The diagrams 
clearly indicate what is happening. 

Here again a; = - ++ = Gx-2 = 0, dox_1 > 0, corresponding to a 
maximum of V(z), yields a variation of the above situation. In the £, 
n-plane the equation is 


n? = +62 + a2t 
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where a? is fixed and 8? varies with h. By construction this is easily 
shown to yield Fig. 48 and it still corresponds essentially to a saddle 
point. 

There remains the intermediary case of a horizontal inflection 
(Fig. 49). This time we have a,j = + °° = Goz-1 = 0, dor ¥ O and 
the approximate equation is 


oj, E2441 


n? 
2 (2k+ 1)! 


=h-— ho 
which may be sufficiently understood by reference to Fig. 49. In 
character we have here a sort of degenerate saddle point and instability. 

From the preceding discussion one may infer that when the 
potential energy of the system possesses a minimum, the equilibrium is 
stable, while if it has a maximum or a horizontal inflection the equi- 
librium is unstable. This proves for our conservative system two 
fundamental stability theorems: the theorem of Lagrange which reads, 

If the potential energy 1s minimum at the state of equilibrrum, the 
equilibrium is stable; 
and the converse theorem of Liapounoff, 

If the potential energy 1s not a minimum at the state of equilibrium, 
then the equilibrium is unstable. 

Let us look now for the multiple points of the paths (5). They 
are the points where F, = F, = 0. Since 


Fz=V(a), Fy=y, 
the multiple points are the solutions of 
—V'(z) =f@)=0, y= 
and so we see that they are merely the singular points of the system. 


84, DISCUSSION OF THE MOTION IN THE WHOLE PHASE PLANE 


Our general construction by means of the auxiliary curve z = V(z) 
may be applied equally well to a complete motion. The only novel 
element not yet discussed is the presence of possible infinite branches 
in the path. They will only occur if zg = V(x) has infinite branches 
below the line z = h, as is seen by reference to the figures. If one 
suppresses the parts of the curve above z = h, the remaining part will 
in general contain disconnected arcs. Thus in Fig. 51 there are three: 
an infinite branch (lower left) and two finite arcs. The infinite branch 
yields an infinite branch of the path going from and back to infinity, 
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and each finite arc gives rise to two isolated ovals. If the initial point 
is on one of the three, it remains on it. Thus, corresponding to Ah and 
depending upon the initial values of x,z, there may occur here either an 
aperiodic motion (finite or infinite arc) or one of two periodic motions 
(ovals). 

A closed path occurs then whenever there exists an arc of the 
xz-curve joining two points of the line z = A and lying below the line. 


2 
Z=mh 
z= Vix 
xX 
y 
x 
Fria. 50. Fia. 51. 


On such an arc, for instance the one at the right in Fig. 52, the slope 
V’'(x) is negative at one end and positive at the other. Hence V’ 
will change sign an odd number of times and pass one more time from 
— to + than from + to — on the are. In other words: number of 
minima — number of maxima = 1 on the are. Hence the following 
theorem due to Poincaré: 

In a conservative system, the singular points interior to a closed 
path are saddle points and centers. Their total number 1s odd and the 
number of centers exceeds the number of saddle points by one. 

A separatrix is a path y tending to a singular point A (generally 
a saddle point) ast — + (or — ©), such that the neighboring paths 
do not tend to A under the same conditions and so part from y as 
t—- +o (or —o). The separatrices are the curves indicated by 
heavy lines in the figures. Since a representative point can never 
cross a singular point, each are of separatrix between singular points 
represents a motion on which the point tends to a singular point, or 
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Z 


y 
4 
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the system to a position of equilibrium, in infinite time. Thus in 
Fig. 53 there are five such ares, one of them, at the extreme right, going 
from the last saddle point at the right back to that point. 


Fic. 55. 


Let h,; be the value of h corresponding to a separatrix. When 
h increases above h,, the path surrounds the entire separatrix—for 
example the exterior dotted lines in Fig. 52. When h decreases, 
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there arise closed paths exterior or entirely interior to the separatrix 
and each around a center. Thus in Fig. 52 at the left there arise 
three, two interior to the separatrix and one outside at the extreme 
left. The last one is caused by the presence of an isolated point of the 
separatrix. Notice also the behavior described in Fig. 55. 


S65. DEPENDENCE OF THE BEHAVIOR OF A CONSERVATIVE SYSTEM 
UPON CERTAIN PARAMETERS 


Let us suppose that the force f is a function f(z,A) analytical 
for all values of x and X, that is to say possessing a Taylor expansion 
for allz,A. The behavior of the system may change with)\. Roughly 


A 


xy 


Ao 


Fia. 56. 


speaking, one may say that the changes are merely quantitative, 
unless crosses certain values called branch points (bifurcations in 
Poincaré’s terminology) where the very nature of. the system is modi- 
fied. To be more precise, let us call Ao an ordinary value of \ when- 
ever there exists an e > 0 such that for any \ such that }\ — Ao| <e 
the topological (i.e. qualitative) nature of the paths is the same as for 
ho. When Xo does not behave in this manner, it is said to be a branch 


point. 
Let us discuss, following Poincaré, what happens when A varies. 
The positions of equilibrium are given by the roots 7, °°: , 2% of 


f(z,A) = 0 in x. On the graph of Fig. 56 those corresponding to Ao 
are the points of the graph on the line \ = Apo. 
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Let z designate any one of the positions of equilibrium z;. Since 
V,(c,\) = —f2(x,A), £ will be a minimum whenever f,(%,A) < Oanda 
maximum whenever f,(%,A) > 0. Assuming that there are no cusps, 
the number of singular points z; for given \, may increase or decrease 
by two units and this when and only when 2: crosses a value \» where 


x 


\ = Xo is tangent, 1.e. where 
felZro) = 0, — FA(Z,Ao)  O. 
For the slope at any point (z,A) of the graph is 


ax — fr 

anf, 
and under the above conditions it is infinite at (%,o), hence the tangent 
there is AX = Ap. Thus Ao is a branch point. The discussion of what 
happens at the multiple points of f(z,\)’= 0 may of course be carried 
quite far, but this need not be done here. 

There is a simple rule due to Poincaré for determining rapidly the 
parts of the z,A-graph corresponding to stability or instability. Let 
the shaded region (Fig. 57) consist of the points where f(z,A) > 0. 
If the point (Z,\) of the graph f(z,A) 1s on an arc y of the graph above 
the region, then Z represents a position of stable equilibrium; on the 
contrary, if y is below the region, we have unstable equilibrium. The 
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reason is quite simple. In the first case, for \ fixed and x increasing, 
f(z,) decreases as x crosses %, hence f,(Z,A) < 0 or we have a center 
and stability. In the second case, f(z,A) increases through &, f,(Z,\) 
> 0 and so we have a saddle point and instability. Thus, according 
to this rule, the arcs DA, AFB, CE correspond to stability and the ares 
AGB, AC to instability. 

Upon describing an arc of the graph, i.e. upon varying Xd continu- 
ously, the stability properties are unchanged until a branch point is 
crossed. There a stable and unstable position of equilibrium are 
permuted. As A crosses the branch point Abo, 
stable and unstable positions appear or disappear 
in pairs. 

To illustrate the preceding theory we shall 
discuss a few examples. 

1. Motion of a material point on a circle 
which rotates about a vertical axis. Consider 
the motion of a material point of mass m on a 
circle of radius a rotating about a vertical 
diametral axis with constant angular velocity Q 
(Fig. 58). A pendulum fixed on a pivot which 
rotates around a vertical axis is a model of such 
a system. 

In order to study the motion along the angular Fic. 58. 
coordinate @ it is convenient to introduce a 
coordinate system revolving with the pendulum around the vertical 
axis. To apply Newton’s second law relative to the moving axes, one 
must introduce the centrifugal force. The moment of the force of 
gravity with respect to the horizontal axis is mga sin 6. The centrifu- 
gal force is mQ?a sin @ and its moment with respect to the horizontal 
axis is mQ?a? sin @ cos 6. Since the two moments are directed oppo- 
sitely, the resulting moment is mQ2a?(cos @ — A) sin 6 where A = g/7a. 
Let us note that \ = 1 when 2 = +~/g/a,1.e. when the angular velocity 
coincides with the angular frequency of small oscillations of the point 
m as a pendulum (for Q = 0). We shall investigate the behavior of 
the system for different \, i.e. for different values of the angular velocity 
Q and g assuming that g can change not only in value but also in sign, 
1.e. that A may be negative. If J is the moment of inertia of the system 
with respect to the horizontal axis, the equation of motion is 

dw dO 


is = m0Q’a?(cos 6 — A) sin 8, ii. 
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The equation of the paths on the phase plane (of @ and w) is 
dw —mQQ°a*{cos 6 — A) sin 8 
dé lw 


The energy integral is 


Tw? in? 6 
(10) -% — mQ’a? (= + d cos ) = (. 


Consider now the behavior of the paths on the phase plane 6,w. The 
singular points (positions of equilibrium) are w: = 0, 6; = 0; we = 0, 


9 


~ 


UY 


Fig. 59. 


bo = 7; w3 = 0, cos 63 = AX. The last equilibrium position exists only 
when |A| < 1, i.e. when the frequency of the small oscillations of the 
pendulum (for 2 = 0) is smaller than the rotational frequency. The 
coordinate @ of the position of equilibrium is given by 


f{(6,A) = mQ2a?(cos 6 — A) sin 6 = O. 


The graph of this relation consists of the curve cos 6 = d and of the 
straight lines 6 = 0, 6 = 7, 0 = —7, etc. (Fig. 59). Itis obvious that 
for 0 < @ <x the region where f(6,\) < 0 is on the side of increasing 
\, and for 0 > @ > —-a on the side of decreasing (in Fig. 59 these 
regions are shaded). The stable (black points) and unstable (white 
points) states of equilibrium may now be determined by the rule given 
before. Since A may be negative or positive, the singular points for 
which 6 = +7 are unstable (saddle points) for \ > —1 and stable 
(centers) for \ < —1]. The singular points for which 6 = 0 will be 
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unstable for \ < 1 and stable for \ > 1. Finally the singular points 
for which \ = cos @ are always stable but exist only if -—1 <A <1. 
As one could expect, the picture for @ is completely symmetrical, and 
the states corresponding to +8 and —@ coincide. We can determine 
the separatrices remembering that each passes through a singular point 
in which the energy constant can be calculated: the kinetic energy is 
equal to zero in the singular point (the system is at rest) and it is easy 
to calculate the potential energy. Substituting the value of the energy 


CO 
saddle point 


\ | 2 
separatrix 


saddle point | 


A //(KYJNW saddle point 
Sf 


Ws: 


| center | separatrix 
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constant in (10), we obtain two separatrices forming a figure eight and 
passing through a saddle point. The equation of one of them, passing 
through the point w = 0, 6 = r, where C = mga, is 


ww 


I 


I 


2q2 

(sin? 6 + 2d(cos 6 + 1)). 
The equation of the second, passing through the saddle point w = 0, 
6 = 0, where C = — mga, is 


Q:)?2 2 
gis = (sin? @ + 2d(cos 6 — 1)). 


Both are represented in Fig. 60 for 1 >} > 0. WhenaA = 0 the two 
separatrices merge and we obtain the situation of Fig. 61. When 
—1<) <0, the situation is the same as for 0 < \ < 1, with the 
difference that in the second case the figure is displaced along the 
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é-axis by w (Fig. 62). When 0 <A <1 (Fig. 60), there are three 
regions of periodic motions, inside the first separatrix. Two of these 
regions are simply connected and one doubly connected. Since the 
separatrices merge for \ = 0, the doubly connected region disappears. 


GJ) 


A =O 


separa trix 


separatrices 


Fig. 62. 


The phase portrait changes and brings out the significance of the 
branch point of the parameter for the separatrices. In a similar way, 
when nN > 1, we obtain a new portrait (ig. 63) and hence the values 
\ = +1 are also branch pots. 

2. Motion of a material point on a parabola rotating around a 
vertical axis. This example is like the preceding save that the 
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circle is replaced by the parabola with vertical axis 2? = 2pz, which 
undergoes a rotation with constant angular velocity @ around the axis 
(Fig. 64). The potential energy is the energy of the mass in the field 
of gravity or 


V = mgz = mg —: 


The kinetic energy 7 is the sum of the energy of rotation around the 


TB) 
del 
saddle sadclle £ 
point Gy point 9) 
NS 7 separatrix : 
Fia. 68. Fia. 64. 


vertical axis and of the energy of motion on the zz-plane, or 


MQ*z2 m 
ict eee a2 2 
T = 5 + 5 (x -+- z?), 


From 
TL = PZ, z= y, 


and an application of Lagrange’s equation we deduce then the equation 
of the paths in the phase plane x,y: 


Gs =) ¥ + Ax? = C. 


Their singular points occur at y = 0, Ax = 0. The analysis of the 
possible types of motion according to the values of ) follows: 
A > 0(22 < g/p). The origin is a center so that the equilibrium 1s 
stable. The paths are concentric ovals around the origin (Fig. 65). 
A = 0(2? = g/p). There is an unlimited number of states of 
equilibrium corresponding to the line y = 0. The paths are repre- 
sented in Fig. 66. The point will either be at rest on the parabola 
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or will move monotonically in the direction of the initial velocity. 
When t > +, the velocity — 0; it is maximal at the vertex of the 
parabola. 

1 <O0(Q2? > g/p). There is one saddle point at the origin; the 
straight lines y = + ~/—- pare paths, and correspond to the motion 


¥ A>O 
center y A=O 
x ) as 
———» K 
Fia. 65. Fic. 66. 


ee 
y = -V=Ap-= 


Fia. 67. 


of the point with constant velocity on the parabola. If the initial 
velocity exceeds 1/—X- p, the motion is like that for \ = 0; from 
lower initial velocitics the point cither moves monotonically in one 
direction with minimum velocity at the vertex of the curve, or else 
it returns without rcaching the vertex. 

3. A special rectilinear motion. Lect a material point on a straight 
line referred to the coordinate x be subjected to a force of the form 


a iG 
F= F—=+-, aand y> 0, 
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where the sign is that of —z. Thus Fa/z? is simply a Newtonian 
attraction and y/zx? a repulsion from the origin. Far from the origin 
the first term predominates and so we have essentially attraction, while 
near the origin the second term predominates and we have repulsion. 
The equation of motion is 


mE = + = + - 
a ae 
With y = 4, the paths are given by + 
my? 
—---—— = @. 
2 te = 


< 


The branch point of the parameter ais a = 0, and that of the param- 
eter yisy = 0. There are two singular pointsz = y/aandz = —y/a, 
which are always stable when a and y are positive. The form of the 
paths for both a and y ¥ 0 is represented in Fig. 68, for a = 0 in 
Fig. 69, and for y = 0 in Fig. 70. In the first case, the point can 
oscillate around one of the equilibrium states without crossing the 
origin. When y = 0, the point is attracted everywhere. It is neces- 
sary to remember, however, that the law of interaction is not valid 
at the origin. ‘Therefore our discussion can only be so at the 
points other than the origin. 

4. Motion of a conductor carrying a current. Consider an 
unlimited rectilinear conductor through which there passes a current J. 
It is supposed to attract a conductor AB of length / through which 
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there passes a current 7. The wire AB has a mass m and is attracted 
to the equilibrium position by the spring force ’Ax, proportional to 
the distance of the wire from the equilibrium state O situated at the 
distance a from the first wire (Fig. 71). Let us assume that the 
current at the extremitics of the wire AB is coming in and out through 


y y 


Fic. 69. Fic. 70. 
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leads perpendicular to the current J, so that the interaction force 
between the wires can be written 


where d is the distance between the wires. Then the force acting on 
AB can be written 
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oV yA GE) 
—(%,A) = — = kre - a — | (: = 7 ) 
Ov a-vZz a-—-v7 


where A = 2/il/k. The position of equilibrium is therefore given by 


v 
— ¢{z,d) -k(2-=*) =0 or w-ar+r=0, 
a-—x 


The curve ¢({z,A4) = 0 is represented in Fig. 72. The equation 


center 


(ee=N 
ME fete 
— 


separatrix 


b 7 | 
| 
| 


o(x,A) = 0 in x has equal roots for \ = a*/4. Hence for z = a/2 and 
\ = a’/4, both ¢(z,A) and ¢.(z,\) vanish, so that \ = a?/4 is a branch 
point. The equations of motion are 


dx dy A: » A fx? —ax+X 
re ake ee a ae 
and hence 
dy kx?—axr+h 
dx ™m (a — x)y 
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We have here not only a singular point but also a “singular line”’ 
x =a. It should be kept in mind that, when zx > a, f; 1s represented 
by the term 2/il/(a — x) and not by 2/1l/(x — a). However, the 
case x > a has no physical interest. The energy integral is 


my? 
2 


Consider first the case \ < a?/4 (Fig. 
73). There are two singular points, both 
on y = 0: a center x = (a/2) —b, b= 
\/(a?/4) —, and a saddle point z = 
(a/2) +b. The tangents to the paths are 
vertical on the x-axis and also on the line 
x = a, and horizontal on the vertical lines 
passing through the two singular points. 
The singular line « = a is the common 

Fig, 74. asymptote of all the other infinite paths. 

The separatrix is obtained by setting 

in the energy integral y = Oand x = (a/2) + 6 (i.e. the conditions that 
the separatrix pass through the saddle point). This yields for C the 


value 
k fa 2 a 
Co — 5(5+°) + Blog (3 = b) 
Hence the equation of the separatrix is 


2 f 2 = 
Dy tg(#@—(Gt2)) + oes = = 0. 
2 2 2 a: 
2 


1 
+ 5 kx? + Ed log (a—xz) =C. 


The second root x of this equation for y = 0 (.e. the coordinate of 
the intersection point of the separatrix and the 2-axis) can be found by 
using the graphical construction indicated in Fig. 74. From the two 


graphs 
a : a-— x 
r=(5 +0) — x, £ = 2) log 
2 a ; 
2 
al * | . , 
aa a ) c-*, we obtain the second intersection point of 


these curves other than x = a/2 + b, y = 0. An examination of the 
paths (Fig. 73) shows that the segment of conducting wire AB will 
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oscillate if the initial conditions are such that the representative point 
‘is situated at the initial time inside the loop of the separatrix. In 
particular, when the initial velocity is zero, the segment AB will 
oscillate if its deviation from the equilibrium position is not too large. 

Consider now the case \ > a?/4. This time ¢(z,A) = 0 has no 
real roots, and there are no singular points. ‘The paths are represented 
in Fig. 75. Whatever the initial conditions, the conducting wire AB 


y 
A 


a : 
Fig. 75. Fia. 76. 


finally approaches the line x = a with an indefinitely increasing veloc- 
ity. There is no oscillating motion. 

There is left the intermediary case where \ = a?/4. It is easy 
to see that in the first case, when A increases, the two singular points 
approach each other and that for \ = a?/4 they coincide, giving rise to 
a cusp (Fig. 78). Here again periodic motions are impossible. For all 
initial conditions the conducting wire moves with indefinitely increas- 
ing velocity toward the infinite conductor. The branches I and II, 
passing through the singular point, separate two types of motions. In 
the motions of the first type, at the initial moment the system 1s situ- 
ated in the region bounded by the straight line x = a and the branches 
I and II, and the conducting wire AB moves toward the straight line 
x = a without crossing the equilibrium position. In motions of the 
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second type, at the initial moment the system is outside the region 
limited by the branches I and II and the straight line z = a, and the 
conducting wire AB always crosses the equilibrium position. 

Let us finally examine the case when A <0. The change of 
sign can be obtained by changing the direction of one of the currents 
1 or J. Here ¢$(x,A) = 0 always has two real roots 21,2 = (a/2) 
+ ~/(a?/4) —». One of these roots is always negative and the other 
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> a, and hence of no interest. The negative root yields a center and 
oscillations may occur. 


S6. EQUATIONS OF MOTION 


When dealing with complicated conservative systems it is often 
best to set up the equation of motion by means of the Lagrangian 
function. If qg is the basic coordinate in a system with one degree of 
freedom (no others are considered here), then the function is of the 
form L(q,q¢) and the resulting equation of motion is 


d foL OL 
(11) —-{—]}]}—-— =0. 
dt \ dq 
As we shall see later, Lagrange’s equations are particularly convenient 
for deriving the equations of motion of electromechanical systems. 
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It may be observed, as one may verify directly, that here the energy 
integral assumes the form 


el, 
ary 


1. Hamilton’s equation. Side by side with gq introduce the 
momentum p = 0L/dg and the Hamiltonian function 
(12) = Pet Sd pq). 


In terms of H one may reduce the equation of motion (11) to two differ- 
ential equations of the first order: 


(13) Ce Di me 


known as Hamilton’s equations. The Hamiltonian form of the equa- 
tions of motion offers many advantages in dynamical problems. 
For Hamilton’s equation the “energy integral’? may be written 


(14) © H(p,q) = h. 
2. Integralinvariants. Let our dynamical system bedetermined by 
(15) ¢=P(xy), y = Qx,y). 


Let the paths be considered as lines of flow (so-called laminar flow) 
in a liquid of a certain density p(z,y) (mass per unit area) and velocity 
given by (15). If G(¢o) is any region at time fo, the mass in the region 


18 
I(to) = II p(X0,Yo) Axo dyo. 
G (to) 


At time ¢ the points in G(¢o) will be found in a new region G(¢) and their 
mass will be 


(16) I(t) = | | steak dee. 
G(!) 


We say that the equation of motion admits an integral invariant (16) if 
the density p(z,y) can be so chosen that the mass of liquid remains 
constant during the motion, independently of the initial G(é), i.e. if 


d 
p(x,y) dx dy = 0. 
ei. se 


This relation expresses the condition of invariance of mass under the 
flow. It 1s shown in hydrodynamics that it is equivalent to the 
so-called equation of continuity: 
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O(pP) | d(pQ) _ 
a dy. 


(17) 0. 


In particular, the Hamiltonian system (13) has the ordinary area 
(0 = 1) 
I(t) = JJ dp dq 


for integral invariant, since (17) reduces to the identity 


227 2/ oH) 
dq Op Op oq 


If we return to the variables q,g, we have 


a7L 
[ors [ [oa | [Bars 


where 
Op Op 
O O o-L 
D — —> q q bp ; ° 
re rs 
dq oq 


Hence Lagrange’s equations admit the integral invariant 


0?L 
| | 4g dq 
oq- 


wherever 07L/0q? is finite and positive. These conditions must be 
fulfilled since p must be finite and positive. 
Example I: Harmonic motion. 


qd =P, P= Sg. 


Introduce polar coordinates r,¢ so that g = r cos ¢, p 
a consequence 


rsin @. As 


rr = 0, r = const., and @= —l, @= —t+r. 


Hence the motion in the p,g-plane is a pure rotation and preserves 
areas (Fig. 79). 
Example II: Motion under a constant force. 


d = D, QQ = go t+ Pot — sgt’; 
p= -9, Pp = po — gt. 
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Take at time ¢ = 0 on the phase plane a square with vertices q,po; 
(go + a),Po; Go,(Po + 2); (go + @),(po +a). The square will buckle 
more and more with time (Fig. 80); its area will, however, remain 
constant since the sides parallel to the g-axis, 1.e. connecting the points 
of equal initial velocity po, will move parallel to themselves and their 
length will remain constant and equal to a. Instead of a square with 


Fie. 79. 


Fia. 80. 


sides equal to a we obtain a parallelogram with a base a and altitude a, 
1.e. With the same area as the square. 

3. Oscillating circuit with iron core. As the first example of a 
non-linear conservative system, we shall examine an electrical oscilla- 
tory circuit with a coil containing an iron core (Fig. 81). We neglect 
the resistance of the circuits and the hysteresis loss and thus may 
consider the system as conservative. If we disregard the dispersion 
in the coil, i.e. if we assume that the whole magnetic flux ® passes 
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through all the w turns of the coil, we have by Kirchhoff’s law 


oe oe ab 
(18) g [itt <0 


Here @ is a function of 7 whose graph has the general aspect of Fig. 82, 
at least if it is assumed, as one often does for simplification, that there 
is no residual magnetism. There are various approximations to the 


(i) 


Fie, 81. Fria. 82. 
graph. A satisfactory one, due to Dreyfus and to be used here, is 


(19) oS Ati Le 
S- S 
where A,B,S are positive constants. 
One may easily put (18) in the Lagrange form. To do so, introduce 
the charge q of the condenser, so that 2 = q, and set 


3 


: . q 
f=] OG) dea 
Thus we obtain 
ol | 
—=r0p, “=-- 


and (18) does take the Lagrangian form 


d (=) OL 
= eee 
dt \ 0g oq 


The “energy integral”’ is 
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or here 


(20) we(9)¢ — w |e af 


7 


where f actually represents the total energy of the system. In fact, 
the electrostatic energy in the condenser is V = qg?/2C. The mag- 
netic energy 7’ in the coil is defined as the work against the e.m-f. of 
self-induction 


(21) jie w fer a dt = w [| gan, 


By partial integration we find 
(22) T = wed — w [ 9) ae 


Consequently h= 7+ V. Since here L ¥ T — V, we have an 
example of a Lagrange function not equal to the difference between 
the kinetic and the potential energy. If we introduce the new vari- 
able p = 0L/d0g = w&(qg), we can reduce (20) to the Hamiltonian 
form. The Hamilton function is 


H(p.@) = | WP) dp + 3 


where g = V(p) is the inverse function obtained from p = w(q). 
The graph of Fig. 82 shows that both ® and WV are monotonic increas- 
ing. Hamilton’s system 1s here 

dH 


io 


Hd. 


The integral invariant is 


07h AD (Gg 
[Jorm= [ [Ban [[ Pa 


and consequently the role of the density 1s played by the quantity 
ad&(q) 


which is the slope of the graph of Fig. 82 and hence always 


positive. Referring to (20), (21) and (22), the energy integral may 
be written 


w [ Spied +e = constant. 
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This expression is analogous to those obtained for the conservative 
system in §5 with the sole difference that g and g are interchanged. 
Therefore. concerning the integral curves, we can make the same state- 
ments as for the simpler conservative systems. The expression under 
the integral sign is always positive and its derivative vanishes only at 
the point g = 0. Consequently g = 0 corresponds to the minimum 
of the energy and the singular point gq = 0, g = O is a center and it 


q 


Fic. 83. 


corresponds to stable equilibrium. All the paths are concentric ovals 
around the singular point. From (19) follows 


db d® du ] U 
—— = — = — + B-) 
dg di ay we S 
S? 
d® Au? i dg uw? 
w | Fadi = sf ap t Bg | aae 
ee leer 


By obvious integration we obtain then the equation of the paths in 
finite form: 


‘ 3 g° Ss Bu? q? ; 
> og (5 —t 4 + 25 g- + C0 = constant. 
Fig. 83 represents a family of these curves constructed for particular 
values of the parameters. 

4. Oscillatory circuit with capacitance depending on the charge. 
When the dielectric consists of Rochelle salt, the capacitance C(q) 
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depends on the charge g after a manner shown in Fig. 84. A reason- 
able expression for the capacitance is 


Co 


23 C(q) = ——————_ 
(23) Reser 


The lack of symmetry is caused in substance by a “‘residual”’ charge 
analogous to residual magnetism. Be it as it may, neglecting ohmic 
resistances and hysteresis losses, since C is a function of g alone we have 
a non-linear conservativesystem. By 


Kirchhoff’s law C(q) 
24 L 
(24) are C > : 
To reduce this relation to the Lagrange 
type, set 
Log? d 
1 a ot | qdq_ g 
2 C(q) Fic. 84. 

Here then 

aL aL q 

F = LG, aq = ) 


which reduces (24) to the desired form 


a (ak) _ ab _ 
dt \ ag og 
The energy integral is then 


Log? a 
(25) 7 Ae ia C(9) dg =h. 


Since the energy of the charge of the condenser is equal to the work of 
the current charging the condenser, 


oe nae g ag 
v= fait Es; 


and hence h represents the total energy. This case differs from the 
previous one in that the Lagrange function L = T — V, ie. it is 
equal to the difference between the magnetic and electromagnetic 
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energies of the system. The reduction to a Hamiltonian system offers 
no difficulty. ‘The relation (25) represents a family of paths in the 
phase plane g,g. Since the function f(¢/C(q)) dg is minimum when 
g = 0, the point g = 0, ¢ = 0 is a center. By means of (23) we 
reduce (25) to 


This equation defines a family of concentric ovals (Fig. 85) which are 
non-symmetric with respect to the g-axis owing to the term in q’. 


Gg 
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S7. PERIODIC MOTIONS IN CONSERVATIVE SYSTEMS 


The periodic motions are next in importance to the positions of 
equilibrium. Their most noteworthy property is that in conservative 
systems with one degree of freedom they are never isolated and always 
form part of a continuous family of such motions. We propose to 
discuss the stability of the periodic motions. 

To a periodic motion there corresponds a closed path y in the phase 
plane. Take a point Po at time tp on y. Then y will be stable in the 
sense of Liapounoff whenever corresponding to any ¢« > O there is a 
5(e€) > O such that, if a point Qo is nearer than 6(e) to Po at time fo, 
then the points P,Q into which Po,Qo will go at time ¢ will be nearer to 
one another than e whatever ¢ > to. A somewhat less precise formula- 
tion is this: Let the representative point be white and imagine that it 
becomes black (Fig. 86) under the effect of the disturbance. Then 
the initial undisturbed motion, i.e. the motion which would have taken 
place if there were no disturbance, will be represented by the white 
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point and the disturbed motion by the black point. Now the condi- 
tion of stability can be formulated in the following way. If at time fo 
the black point is sufficiently close to the white point (i.e. the disturb- 
ance is sufficiently small), it remains quite close to it ever after. 

It 1s easy to see that a periodic motion in a conservative system 
is generally unstable, for in general the period of revolution of the 
representative point around the various closed paths is different. 
Consequently the white and the black points will diverge more and 
more, however close they may be at the outset. It is true that later 
they will again approach one another, but for any small initial distance 
different from zero we cannot in general “‘retain”’ 
them at a small distance apart. The distance 
between the white and black points will fail to 
increase with respect to the initial distance only 
in the special case when the white and black 
points move along the same path, 1.e. when the x 
disturbance is such that the representative 
point under the effect of the disturbance is 
moved along the same path. 

Periodic motions in conservative systems 
will be stable according to Liapounoff only in 
the special case when isochronism takes place, i.e. when the period 
of revolution is the same for different paths. But even in this case 
we do not have absolute stability, 1.e. paths of the representative 
points approaching asymptotically after a sufficiently small disturb- 
ance. Such paths do not occur generally in conservative systems 
with one degree of freedom, and we shall meet them only in 
non-conservative systems. Although periodic motions in conservative 
systems are then generally unstable in the sense of Liapounoff, they 
do possess a certain form of stability, namely, a sufficiently close 
trajectory is always located entirely in the immediate vicinity of the 
given trajectory. This type of stability is called orbital. It plays an 
important role in the general theory of the behavior of the paths. 

1. Some general considerations regarding conservative systems. 
Broadly speaking, the paths in a conservative system have given rise 
to a family of curves in the phase plane represented by an equation 


(26) F(uv) =C 


where F has a fixed sign. Wemay assume for convenience that F > 0, 
thus allowing for C only non-negative values. In our systems F’ was 
the Hamiltonian function and (26) the energy integral. 


Fic. 86. 
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Let us take as our starting point a family of curves (26) without 
reference to any dynamical system. ‘To simplify matters we assume 
F analytical for all u,v and again never negative. As for u,v, they 
may be parametric coordinates on a surface (usually a plane or cylin- 
der). We shall refer to the value of C as a “‘level”’ and the curves (26) 
are thus the curves of constant level. In particular, if u,v are plane 
coordinates, we may think of the plane as horizontal and of C as a 
vertical coordinate (the same as the usual z in a three-space coordinate 
system z,y,z). The three-space is thus referred to the coordinates 
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z,y,C. Then (26) represents a surface in that space whose horizontal 
sections are the curves of our family. 

When u,v are coordinates on a right circular cylinder, generally 
one of them, say wu, is an angle of rotation about the axis and the 
other a displacement parallel to the axis. 

Let @(z) be an analytical function which is monotonic and whose 
sign is the same as that of z Then ®(F(u,v)) = C’ represents the 
same family as (26). For to specify a numerical value of C’ is to 
specify one value C of z in @(z) = C’, hence one curve F(u,v) = C. 
To replace by ® amounts essentially to a change of vertical C scale. 

The differential equation of the curves (26) is 


(27) 


The singular points correspond to the values of u,v for which F, = F, 
= 0. It can happen that /,,F, vanish simultaneously not only in 
isolated points but also along a certain analytical curve. Let us show 
that such a curve is necessarily an integral curve, i.e. that its points 
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satisfy the equation /’(u,v) = constant. Assume the curve given in 
parametric form by u = u(s), v = v(s). Then 
dk du dv 


=fF,-—+F,-— = 
ds as ds 


since the partials at the left vanish. Hence F = constant, ie. F(u,v) 
is constant along the curve. It 1s easy to see that this case can take 
place if the curve consists of points where the tangent plane is parallel 
to the phase plane, for example, when the surface F’'(u,v) = C has the 
form of a crater whose edges are situated on the same level (Fig. 88). 
There cannot occur isolated singular points through which there pass 
infinitely many curves of the family. For the curves would fill a 


portion of the plane and yet be of the same level, hence I’(u,v) would 
be constant. Thus nodes and foci areruled out. Similarly none of the 
curves 1s an oval around which other curves spiral. Finally one may 
affirm that, if there exists one oval, there must exist a whole continuous 
family of them entirely filling a portion of the plane. 

Let us endeavor now to consider the family (26) as a family of 
paths in a dynamical system. Such a system, if it exists, will still be 
referred to henceforth also as ‘‘conservative.’’ This is justified on the 
ground of the similarity of the properties of the ‘‘paths”’ with those 
of conservative systems in the earlier sense. Of course, we continue 
to deal exclusively with systems of one degree of freedom. All this 
would be meaningless in systems with more degrees of freedom. 

It is presumed then that (27) results from the elimination of dt 
from the equations of a dynamical system. To restore dt we write 
naturally 

du dv dt 


FP, Fy Q(u) 


and S = 1/Q is a certain function ‘“‘scaling”’ the time. The equations 
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of motion in the general form can be written 


du OF l 

—_- = — ° = U(uyp 

dt dv Q(w,v) (40), 
(28) 

dv OF 1 

f= —- a = Vw) 

dt du Q(u,v) 


We shall assume that S(u,v) is analytical over the whole u,v plane and 

has a fixed sign, being never zero, and also that the phase plane either 

represents an Euclidean plane or else isapplicable on an Euclidean plane 

(a cylinder, for example), and that wu and v are rectangular coordinates. 
From (28) follows F, = QU, F. = —QV and hence 


a(QU) . a(QV) _ 
Ou " dv 


This is the equation of continuity for a steady flow with velocity given 
by (28) and density Q. Hence 


f [ecm du dv 


is an integral invariant. It is easily shown that 


J fecunereum du dv 


where ®(F’) is analytical in F and of fixed sign, is likewise an integral 
invariant, and that there are no others. 

Conversely, if there exists an analytical function of constant sign 
@(u,v) such that (28) holds, then as is well known there is a function F 
related to it such as we have described and (27) represents a steady 
flow, or a dynamical system which we still consider as conservative. 
Sometimes we shall refer to such a system as ‘“‘generalized’’ conserva- 
tive. The relation F = C is the ‘‘energy integral”’ of the system. 

Remarks. I. We have seen that when we have an actual phase 
plane (not some other surface), the closed paths make up sets of 
concentric ovals each surrounding a singular point. It is important to 
bear in mind that this need not hold when the phase surface is, say, a 
cylinder. ‘Thus the horizontal sections of a cylinder do form a family 
of ovals which do not surround a.singular point. 

II. The slightest change in the differential equations may com- 
pletely alter the system and in particular make it cease to be conserva- 
tive. Thus when h = 0, 

€é+he+w*x =0 


defines a harmonic oscillator, which is a conservative system. How- 


0. 
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ever, for h arbitrarily small but positive, the system is dissipative and 
hence non-conservative. For h = 0 the origin isa center but for h > 0 
and very small it is a focus, 1.e. of completely different nature. 

IIl. Example of a generalized conservative system. In mechanical 
or electrical systems the question of conservativeness is readily settled: 
when there is no friction or resistance the system is conservative. We 
shall discuss an example drawn from biology in which conservativeness, 
in the general sense, can only be decided by reference to an integral 
invariant. 

This example due to Volterra concerns the coexistence of two 
types of animals, for example two types of fishes. The first type 
feeds upon the products of the medium which we assume are always 
present in sufficient quantity. The second type feeds exclusively 
upon fishes of the first type. The numbers of each type are of course 
integers and can vary only by jumps, but to apply our general methods 
we shall consider them as continuous functions of time. Designate by 
N,,N2 the numbers of animals of the first and second types. We 
assume that, if the first type existed alone, the number of animals 
would continually grow with a velocity proportional to their number. 
Thus 

Ni = aN,, €é, > 0. 


The growth coefficient «, depends upon the mortality and the birth 
rates. If the second species existed alone, it would progressively 
starve out. For this type a natural law is 
N.= —eNo, €2 > O. 

Assume now that both species live together. Then clearly e, will 
become smaller as N2 becomes larger. We shall make the simplest 
possible assumption, namely, that ¢: decreases proportionally to N». 
Similarly we may assume that e2 varies proportionally to N;. Asa 
consequence we may write 


Ni = Nile: — yiN2); N» = —No(eo — y2N1) 
where e;, €2, ¥1, and ‘2 are all positive constants. 
Multiplying the first equation by yz and the second by y: and 
adding, we obtain _ : 
yo 1 so yiN = evy2Ni — esyiNz2. 


Multiplying the first equation by e2/N, and the second by e:/N2 and 
adding, we have 


asp Mi tag No = —eryiNe + ery2M1. 
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Hence 


dlogNi __— d log N» 
di dt 


y2Ni + yiNe — © = Q. 


Integrating this relation we find 
yoN, + yiNe2 — €2 log Ni — €1 log Ne = constant. 
This integral can also be written in the form 
(29) F(N,1,Ne) = e771 + e~-mANYNG = constant. 
It is easy to see that the expression 
[fUe 
NiN 
is an integral invariant. Thus we may conclude that our system is 


conservative. Let us examine now the form of the paths. We shall 
first reduce (29) to the form 


Nye) = CNSe-mNs 
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and construct the curves 
SNe er A = Negev’? 
and our path is defined by Y = CX. These curves are drawn in 


Fig. 89 by means of the table 


€2 . €1 


Ny v 7a; + 2 Ne 0 — + es 
V2 Y1 

a ae ‘ie = § 

aN, dN » 

+ CO + oe) max 
Y N VA xX wf S 
min. (0) 0 
where 


dY €o dX €} 
—_— = Y({ —- — —_ = X{— — 
aN, ( N, + ) dN, Gs n) 
The construction of the curves, point by point by means of the 
auxiliary line OK: Y = CX, is sufficiently clear from Fig. 89. With 


Ny, No 


Tig. 90. 


the exception of an (irrelevant) curve corresponding to the axes, the 
integral curves make up a family of concentric ovals with a center 
at the point Ny = e2/y2, Ne = e:1/y¥1. Hence the law of variation of 
N,;, and No is periodic (Tig. 90). 


CHAPTER II] 
Non-Conservative Systems 


S1. INTRODUCTION 


We have already considered both non-conservative linear systems 
and general (i.e. linear or non-linear) conservative systems. The 
former do not admit periodic motions, but the latter may admit 
arbitrarily many, their amplitudes being determined by the initial 
conditions. We are particularly interested in systems where the 
amplitudes of the periodic motions are determined by the system itself 
and, moreover, do not vary very much when the system is changed a 
good deal. Conservative systems are not generally of this type. 
Later we shall see that only non-conservative non-linear systems are 
physically significant. In this chapter we shall describe two funda- 
mental types of such systems, called disstpative and self-oscillating. 


$2. DISSIPATIVE SYSTEMS 


In contrast with the conservative case, we have here potential 
free forces. Hence, after introducing ‘‘generalized forces,’’ the 
Lagrange equation may be written: 


a) 4 (al) _ a _ ya 
dt \ag 7 


where ©, the generalized force, 1s usually a function of g. 
If the non-conservative forces are like friction, they reduce the 
energy and hence are of opposite sign from, the velocity. Thus 


(2) ¢ < 0 


and equality holds only when g = 0, 1.e. only in the equilibrium state. 
Multiplying then (1) by g we find 


(3) W — @g = 0. 


Usually JV is the total energy of the system, and by (2) and (8) this is 
a decreasing function. Hence, if IV does not approach — o, it has a 
limiting value Wo, and ég— 0. Thus for systems satisfying (2) the 
equilibrium states are the only stationary states. We call such sys- 
tems disstpative. Since the energy always decreases in such systems, 
they do not admit periodic motions. 

102 
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As an example of a dissipative system consider the large deviations 
of a pendulum subject to friction. We shall assume 6 = —bg with 
6 > 0. The Lagrangian Z has the form: 


ks + mgl(cos ¢ — 1) 


L= 
2 
and the Lagrange equation becomes 
(4) I¢é + bd + mg sin ¢ = 0. 


y= 


f ] 
\ ea ta 
\ tag 
| I 
f 


saddle saddle 
poin point 
-T + TT 
=0 


or equivalently 


(4’) d= Y, ly = —by — mgl sin ¢. 
The image in the phase plane is defined by 

dy b =60mglsin ¢ 
5 “= ~~ = ¢. 
(5) 76 7 ne 8 


The singularities are ¢ = kha, y = O (Kk any integer), and correspond 
to stable or unstable equilibrium according as / iseven or odd. Fork 
even the singularity is a focus (Fig. 91) if b? < 4Jmgl and a node 
(Fig. 92) if 6? > 4Imgl; for k odd the singularities are saddle points. 
The tangents to the paths are vertical on the ¢-axis and horizontal 
on the curves y = —(mgl/b) sin ¢. Figs. 91 and 92 show that there 
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are no periodic motions and that for almost all initial conditions the 
system tends to a stable equilibrium. 

If (2) does not hold, the system ceases to be dissipative: energy 
may be increased at the expense of “‘friction” since @q¢ > 0 implies 
W>0. We have already discussed such systems, notably Froude’s 
pendulum. One cannot assert now that periodic motions are ruled 


Y= 


Sor 
saddle” > SS | 


bs — 
iW . 


dy oe 
dp _ 
Fia. 92. 
out. Thus, if 6 = —bq@’, b > 0, @ resists the motion when g¢ > 0 and 


assists 1t when ¢ < 0. Here 
W + bq = 0, 


and a continuum of periodic motions is possible with amplitudes 
depending upon the initial conditions. 

To elucidate these questions still further, consider the simple 
equation 


#+he* +27=0 


representing an oscillator with dissipation h#?. The usual term wz 
has been replaced by x (w; = 1) and this can be achieved by changing 
the time scale (so that ¢ goes into t/w9; the old unit is the new unit 
times wo). Our usual passage to a system of two equations of the first 
order yields here 


x= Yy, y= 2 — hy, 
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and hence the equation of the paths is 
dy y x + hy? 


6 Be yee 
8) dx ¢ y 


or 
d 
ym thy +2 = 0. 
ax 
y 


ie 


SVN- 
KS 


a 


ey) 


Fia. 93. 
The substitution y? = z yields 


d 
4+ Qhe +2 = 0 
dx 


which is linear with constant coefficients and may be integrated by 
standard methods. We find 


1 
= C —hr _. 
7) A : ‘on 2h? 
where C' is an arbitrary constant. Hence 
g) = — [2Ch%e- + 1] — = 
(\ a me ao h 


One may readily plot the graph of (7) by adding the ordinates of the 
exponential curve Ce-*** and of the line —(2/h) + (1/2h?). Then the 
graph of (8) is obtained (Fig. 93) by taking for each x the ordinates 
+ +/z. (See in this connection Chap. II, §3.) The following results 
-are thus obtained: 
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For C = —1/2h? the curve reduces to the origin, which is also 
the only singular point of (6). 

For —1/2h? < C < 0 we have a set of concentric ovals around the 
origin (Fig. 93). 

For C = 0 the graph is a separatrix (in the sense that it is an 


intermediate curve), namely, the parabola 
1 v 
y2 = — — =. 


2h? | 


Finally for C > 0 the curves have infinite branches. 


< 


aa 


—_ 
” 
a” 


Fig. 94. 


If the initial point is interior to the separatrix, the motion is an 
oscillation (not a harmonic motion) and the behavior of the system is 
of the type encountered in conservative systems. The singular point 
is a center. 

From the above example one may readily pass to the real situation 
with true friction proportional to the square of the velocity and resist- 
ing the motion. This requires that h > 0 for > 0O and h <0 for 
z <Q. This time the paths for h <0 are merely the reflections of 
those already obtained in the y-axis (Fig. 94). Hence the paths for 
true friction (ha = hy > 0 throughout) are obtained by taking the 
upper half of Fig. 93 together with the lower half of Fig. 94, with the 
result shown in Fig. 95. The behavior is exactly like that of a focus 
in Chapter I, with damped oscillations. 

If one has true ‘‘negative friction,” 1.e. ht = hy < 0 throughout, 
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then the result is that depicted in Fig. 96, which is the reflection of 
Fig. 95 in the z-axis. This time the system undergoes expanding 


oscillations. 
y 


NZ 


Fie. 95. 


CS 
Sy, 


Fie. 96. 
§3. CONSTANT FRICTION (COULOMB FRICTION) 


As another example of a dissipative system we consider the case of 
“constant friction,” i.e. according to Coulomb’s law. It is ‘constant in 
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absolute value but may change sign, since 1t must always be directed 
opposite to the velocity. Fig. 97 shows such an example of friction f 
as a function of the velocity v. If +f 1s the constant value of the 
friction, we admit that, for v = 0, f may take any value between 


£ 


——pe V 


Fia. 97. 


—fy and +fo, the value depending on the other forces acting. Thus 
consider a cord running over a pulley with a mass m on a horizontal 
support attached to one end and a mass Jf suspended at the other 
end. If the tension Jfg is smaller than fo, the mass m is at rest, so 
the sum of the forces acting on it—tension plus friction—is zero. 

Thus the friction may have any value 

between —fo and +/o, depending on the 


_ o 
; tension. If the tension is greater than 
Y Yy Yy the friction (in absolute value), then 
fo = pmg, where p is the coefficient of 


Fic. 98. ee 
friction.) 
The simplest model of an oscillator with Coulomb friction is that 
shown in Fig. 99. The equation of motion is 


(9) mi = —kxa + fo 


where the sign of fo is chosen opposite to that of & If we let k = mw?, 
fo = amw’*, and let 71 = « — a when % < 0, %2 = x + a when & > 0, 


1 Sometimes a more general assumption regarding the form of the eharacteristie 
of a solid than the Coulomb idealization eorresponds better to reality. Thus it is 
inadequate to assume that the absolute value of the maximum frictional foree at 
rest is greater than the absolute value of the constant frietional foree during 


motion. 
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. 


we obtain the two equations! 


Ly + wd) = O 
Xo + WX = Q. 


Hence the motion of the system is obtained by piecing together two 
halves of harmonic oscillators with equilibrium positions at distances 
+a from the non-frictional equilibrium. 
Fig. 100 shows x as a function of t. 
Starting with a positive initial position 
t1, the velocity will be negative; hence 
the motion is centered about an equilib- 
rium position a units above the taxis 
until it reaches the minimum %o.2, where 
|Xoe| = |01 — 2al.? From this point 1t proceeds with positive velocity 
so the motion is centered about an equilibrium position a units below 
the f-axis until it reaches the maximum 23, where coal = | — 209 — 2a 
= \to1 — 4al, etc. Thus the motion consists of damped oscillations 


Fia. 99. 


Fia. 100. 


whose successive maxima form an arithmetic progression with differ- 
ence —4a (in contrast to the case of linear friction where they form a 
geometric progression). It is clear that eventually (after a finite 
number of oscillations) one of these maxima or minima will occur 


1 More precisely, no unique linear equation describes the process; otherwise 
we would have becn able to represent by m# + hx = f(%) not only this particular 
case but also more general laws of friction. The method of replacement of one 
non-linear equation by several linear cquations very often simplifies the problem 
and makes it possible to obtain good quantitative results. 

2 The body can, of course, stop. Whether it stops or not depends on whether 
the maximunn frictional force fo or the spring force is greater at the point z. 
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inside the strip |z| <a, when we have v = 0 and kz] < fo, and so 
the motion will then stop. 

There are several noteworthy differences between a system with 
constant friction and a linear oscillator with dissipation (friction pro- 
portional to velocity). The first is the absence of anything resembling 
a logarithmic decrement in the case of constant friction; a natural 
consequence of the fact that the maxima form an arithmetical and not a 
geometrical progression. ‘The second difference lies in the fact that 
with constant friction there is not even a quasi-period. For the timer 
from a maximum to the subsequent zero 1s greater than that 7; between 


< 


Fic. 101. 


the zero and the next maximum, and 7 increases as the maxima 
decrease. Finally in any system with constant friction one may 
always choose the initial conditions so that some oscillations take 
place before the system stops. Hence systems with constant friction 
cannot be classified, like the linear dissipative oscillators, into periodic 
and aperiodic systems. That oscillations do take place under suitable 
initial conditions is shown as follows. Starting at xo; with zero velocity 
the initial energy is the potential energy V; = (k2j,)/2. The work 
P, spent in resisting friction during the first ‘“‘conditional”’ period is 
Py = (01 — 2o2)fo, while the potential energy is V2 = kzj,/2. Since 
Vi — Vo = Py, we find xo; + 202 = 2fo/k = 2a. Since P; is a linear, 
and V,; a quadratic function of 201, we see that for large enough xo; the 
system will have energy to spare at the end of the first conditional 
period and therefore it will oscillate at the start. 

Now consider the motion in the phase plane. Setting y = z, the 
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equations are 


y <0: ue sl — > 
dx y 
y > 0: ay 2 a!) 
dx y 
whose integrals are 
(x—a)? y? 
O: 1 
= RET RRR” 
COAG) «Ye 
> 0: = = ] 
lal RE Re” 


where ff, and fF» are constants of integration. Hence the paths 
are obtained by piecing together these half-ellipses, yielding the 


y 


Fria. 102. 


spirals shown in Fig. 101. The motion along these spirals is inward 
until the segment 0,02 (Fig. 102) is hit, where, as a reference to Fig. 102 
shows, motion cannot continue. The points of 0,02 are the equilib- 
rium positions. Nowa point 2; on 0,0, (Fig. 102) whose y-coordinate 
is changed by a small amount +y, (yi > 0), as shown in Fig. 102, 
returns to O,O. farther from or nearer the origin than at the start 
according as the displacement is +y; or —y:. Because the upper half 
ellipses are steeper, the point is brought near the origin by —yiby a 
greater amount than it is displaced away from it by +y:. Hence, if 
the system is subjected to an equal number of such small impulses in 
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both directions, the net effect will be to move it toward the ‘‘true”’ 
equilibrium position, the origin. 

The existence of an entire segment of equilibrium positions (called 
stagnation) and the approach to true equilibrium as a result of numer- 
ous small impulses is frequently utilized in measuring devices and in 
indicators subjected to dry friction. Stagnation is, of course, unde- 
sirable and does not occur with liquid friction. Hence for dry friction 
in bearings a certain device, called the Brown system, is used to change 
dry into liquid friction. It consists in giving the axis a constant 
motion back and forth along the bearing so that the friction between 
the axis and bearing becomes proportional to the velocity of rotation 
in the direction of rotation, provided, of course, that the velocity of 
rotation is sufficiently small. The system behaves then as if it were 
subjected to liquid and not to dry friction. 


S4,. VACUUM TUBES WITH DISCONTINUOUS CHARACTERISTIC AND 
THEIR SELF-OSCILLATIONS 

The characteristic which we have in mind is like the one of Fig. 
105: zero to the left of the vertical axis, constant and non-zero to the 
right. A well-known instance is that of the mercury-arc rectifier. 
Here again, of course, the simplified form of the characteristic results 
from an extensive idealization to which we return in a moment. For 
the present it is clear that with the discontinuous characteristic we will 
have another occasion to apply the process of piecing together in a 
suitable way the solutions of distinct differential equations. 

As regards the self-oscillations, they arise in principle in the follow- 
ing manner. Consider the tuned-plate oscillatory circuit of Fig. 103 
in which energy is provided by a storage battery. Lect the resistance 
be small so that the system naturally gocs into a damped oscillation of 
period 7. Suppose that the energy dissipated throughout the period 
is compensated by energy from the storage battery during the rising 
part of the oscillation, since it 1s only then that the battcry is in effec- 
tive operation. If the compensation is exact, i.e. if there is neither 
gain nor loss of energy, a prolonged oscillation will be reached. That 
is to say, the system will go into a steady oscillatory state with period 
T. These are the self-oscillations which our detailed treatment will 
bring out. It is the first instance of an all important phenomenon of 
which many others will be found in the sequel. 

We start then with the basic circuit of Fig. 103 with a parallel- 
resonant circuit in series with the plate of the tube and the feedback 
coupling included in the grid circuit Neglecting the grid current and 
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plate reactance and denoting by x the current in the branch of the 
circuit containing the inductance, we have, with the notations indi- 
cated in Fig. 103, 


l 
Le + Rota { @— in) ar=0, 


from which follows 


r ety _ fle) 
Le he be = 7 = C 


where 2, = f(e,) 1s the transfer characteristic of the tube (the plate 
current as a function of the grid voltage). We idealize this relation 
as follows: we suppose that for e, > 0 the plate current reaches instan- 
taneously its maximum 7, and tha for e, < 0 it becomes instantane- 
ously zero. This is tantamount to assuming for the characteristic the 
graph of Fig. 105. It is easily seen that, if the oscillations in the tube 
are sinusoidal, then the greater their amplitude the more closely would 
our assumption be fulfilled. For if the amplitude of the grid voltage 
is many times greater than the saturation voltage, then during the 
major part of the first half period there is no plate current and during 
the major part of the second half period the plate current is equal to the 
saturation current. ‘The voltage on the grid is e, = Mz, and hence 
the amplitude of e, will be the greater the larger the amplitude of the 
sinusoidal current x and the mutual inductance M providing feedback 
coupling. Now as we shall see later, all other things being equal, the 
current x will be more nearly sinusoidal and its amplitude greater 
the smaller the damping of the system. Hence our idealization is 
physically significant when the damping is sufficiently small and the 
feedback coupling sufficiently strong. 

Let the coils be so connected that Jf > 0. Thus e, > 0 implhes 
« > 0, and conversely. As a consequence, and assuming the charac- 
teristic in accordance with Fig. 105, the oscillator will satisfy the 
following equations: 


wel s, zt > 0 
0, z <0, 


(10) &-+ he + wie 
(11) # + Qh + wie 


where J, is the non-zero value assumed by 7p. It is evident that x(t) 
is not a solution of a linear equation with constant coefficients, 1.e. 
we certainly do not have here a linear system. As already stated, we 
assume small damping and hence h small. As a consequence the two 
equations will have oscillating solutions. We must also keep in mind 
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that w;) = 1/LC. It is clear that (11) has solutions of the form 
(12) xz = Ae™ cos (wi + a), w = Vor — h?. 
As for (10) we may write it 
(x — I.) + 2h(x — 1.)’ + w(x — 1.) = 0 
and so its general solution is 
(13) x= I1,+ Be cos (wi + 8), 


which represents an oscillation whose equilibrium position is /,. 
Thus the motion is composed of oscillatory portions (13) for « > 0 
and of oscillatory portions (12) for « <0. We must now ask how 


: : 
= C OL i. C 
_&A 
lip 
M11) tt 
Fia. 103. Fic. 104. 


these are fitted together to form the true z(t), the ‘‘motion” of the 
system. 

The answer is found in the physical condition of the jump of 
Chapter I, §5. Referring to our circuit (Fig. 103), there must be no 
instantaneous change in the energy stored in any part of the system. 
Hence 4Lz? and 4CV? (V = the condenser potential difference) must 
be continuous. Hence V and x must be continuous. Since La + Rx 
= V, < must be continuous and the continuity of x and @ is sufficient 
for that of V. (Notice that this conclusion would not follow from the 
circuit of Fig. 104.) Let us follow this up. Suppose that at first 
t > 0 so that we follow a solution of (13). In Fig. 106 we are then 
on an ascending branch. This is to be followed till ¢ = 0, x maxi- 
mum. Arrived there we can only continue with a descending arc, i.e. 
a solution of (12), since otherwise we would have a branch of (18), i.e. 
a sinusoidal curve with a horizontal inflection. The descending arc 
is now continued to its minimum, where a similar argument shows that 
it must’ be followed by an ascending arc (13), etc. Similarly, of course, 
if we were to start on a descending branch. Thus in all cases the solu- 
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tion x(t) is pieced together by means of alternating solutions of (12) 
(descending arcs) and of (13) (ascending arcs) to form an oscillating 
graph as in Fig. 106. That both z(t) and z(t) are continuous is 
obvious. 

As we shall see, the system tends to a steady oscillatory state. 
To bring this out let 21,72,73 be three consecutive extrema of x(t): 
maximum, minimum, maximum. From 2 to x2 we have a solution 


&g 
Fria. 105. Fria. 106. 


(12) with logarithmic decrement h and period 27 = 27/w, hence 
—Xo = xe At, 


Similarly, since the median line for the ascending branch from 22 to 
v3is x = I,, we have 


03 i. = (— 22 4- I,)e7*? = xye7 AT +- T,e7*t 
and hence 
v3 = xye7*T +- 7,11 + e“*). 


Set temporarily e~-*7 = <1,J/,(1 +e 4?) =u. Thus 73 = AX + yu. 
Consider successive maxima 21,%3, ‘°° * , Cex41 and write this relation 
for all consecutive pairs. Thus 


Long. = ATex~1 + M 
Loe—1 = ALox-3 + b 


23 = AT1 +. 
Multiplying by 1,4, - - - ,A*~! we find 
tye = Ni we A ea), 
Since 0 <A < 1, ask — +. the geometric progression — 1/(1 — A) 
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and \* > 0. Hence x41 — Xo where 


Ul ‘T,(1 + ¢—*T) i; 
(14) Rae ee a 
1—+d Sere Lie a 
In the same way it may be shown that zx tends to a value 
Xo = a 


Thus no matter what the initial situation, the current tends to be 
oscillatory with a steady amplitude (maximum) 20; that is to say, we 
have a self-oscillation which takes place regardless of the initial 


limit-cycle 


conditions, under however slight a perturbation of equilibrium, and 
depends solely upon the nature of the system. 

The observation just made implies also that, if the system starts 
very near the steady state, then it tends towards that steady state. 
Hence the latter is stable. In other words, on the least provocation 
the circuit tends to assume a unique and well-defined oscillation. 
Notice that the period of this oscillation is still 27’, the time between 
two maxima of the damped linear oscillations (12) or (13). The 
expression d = h7’ 1s the logarithmic decrement of both oscillations, 
and we have 

—_ I, 
= 1 -—e? 


The phase plane diagram is also instructive (Fig. 107). The system 
(12) gives rise in the whole planc to spirals asymptotic to the origin 
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and of which only the lower half must be preserved. The system (13) 
gives rise to spirals asymptotic to the point « = J;,, y = 0, i.e. to a 
point J, units to the right of the origin on the z-axis and only the 
upper half of these spirals must be preserved. The sense of description 
is shown on the figure. The resulting paths are spiral curves which 
are asymptotic to one of them which is simply an oval and corresponds 
to the steady oscillations. It intersects the x-axis at xp and Zp. 
Its upper half is part of a spiral corresponding to (13) and _its lower 
half of a spiral corresponding to (12). 


ip = f(eg) 


Zi 


One may obtain a Fourier series for the self-oscillation x(t) in the 
following manner. Since for half of the period 27 it satisfies (10) and 
for the other half (11), the right-hand sides are the values of the 
function w(t) defined by 


I, 


7: 


Fic. 108. 


Fit)=a, O<t<- 


® 

2 

Fi) =0, ~<t<— 
3) 3) 


a=, 
which form the square wave of Fig. 108 and x(¢) is the periodic solution 
of period 27/w of 
(15) & + 2he + wor = wo (t) 


The expansion of F(t) in Fourier series is the well-known series of period 
27 /w: 


+ 
ee fin OF + Let 
romelst2), oh +1 


Proceeding as if F(¢) were a finite sum, we find the special solutions for 
the equations corresponding to the individual terms of F'(¢): 
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i) eae he cea ee 


Z 
Qw2a sin (2k + 1)wt 
- ; Bans 0 
E+ Qhe + wor oe) 
By adding them we find 
k=+ 0 
1 Ww? 
z(t) =a 9 + — (—a, cos (2k — l)wt + b, sin (2k — 1)et) 
ae 
where 
2hw we — w(2k — 1) 
(= ——, b, = 


Ck | (2k ana 1 )c, 
Ch = (we — w2(2k — 1)7)? + 4h?w?(2k — 1)*. 


It is not difficult to show that x(t) represents the desired periodic solu- 
tion of (15), i.e. the self-oscillation of the system. We may thus think 
of this oscillation as consisting of a certain fundamental harmonic 
and of its higher harmonics. 
Let us write 
+ 0 
a(t) = 3Co + > C, cos [(2k — l)wt + ax] 


k=l 
where the C; are the amplitudes. The numbcr 
+- 0 
i+ ) CF 


i tae eee 
1+ p* = C? 
is known as the harmonic cocffictent of the system. The term is justified 
on the ground that the smaller p the closcr z(t) reduces to its funda- 
mental harmonic C, cos (wt + a). 

Now a simple calculation shows that as h > 0 evcry Cy except C, 
remains finite and C;— +o. Hence p—O0. Thus as h—0O, i.e. 
as dissipation — 0 (2? — 0), the system tends to act, when F is small, 
as if onc had ordinary harmonic resonance, i.e. it tends to produce 
something akin to sclf-resonancc. 


S5. THEORY OF THE CLOCK 


A clock 1s an oscillatory mechanism with sustained oscillations 
whose amplitude is independent of the initial conditions. To start the 
oscillations a rather strong initial impulse is required; failing this 
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the clock goes back to rest. Our theory will aim to explain all these 
details in full. 

Roughly speaking, the mechanism includes: (a) an oscillatory 
system: horizontal or vertical pendulum, etc., referred to, for the 
sake of simplicity, as a pendulum; (b) a source of energy: weight or 
spring; (c) a control correlating the first two elements. For certain 
positions of the pendulum the control operates and allows the required 
energy to pass in the form of an impulse. The duration of the impulse 
varies from clock to clock, but in the good clocks it is quite short. The 
control operates generally twice per period, and this close to the posi- 
tion of equilibrium, 1.e. where the velocity is greatest. An important 
feature is that the moment when the control operates depends solely 
on the position of the pendulum. Furthermore its action, and notably 
the magnitude of the impulse, depends on the state of the pendulum. 
Hence the whole operation depends on the position and velocity of the 
parts and not on the time. Thus a clock is an autonomous system. 

For simplicity we shall assume that the control acts once in each 
period of the pendulum, producing an instantaneous change in veloc- 
ity. We shall consider two “‘laws of impulse,’’ one asserting that the 
change in velocity is constant, the other that the change in kinetic 
energy is constant. That is to say, if vo,vi are the velocities of the 
pendulum just before and after the impulse, the first states that 
mv, — Mvo = constant, the second that mv} — mvi = constant.! The 
second is very natural since it holds exactly when the unwinding 
mechanism consists of a weight which is displaced downward the same 
distance (thus doing the same work) in each period. Of the two 
assumptions the second is the more plausible since it asserts that each 
impulse contributes the same amount of energy. The first assumption 
may imply a larger change of energy for some impulses than for 
others; the lower the velocity before the impulse the less the energy 
transferred to the system. This assumption is not, however, entirely 
ruled out and so both assumptions will be discussed here. 

In addition to the nature of the impulse there are also hypotheses 
to be made regarding friction. The simplest are: (a) linear friction, 
or friction proportional to the velocity; (b) constant friction. The 
two types lead to quite different results. 

1. The clock with linear friction. We consider first the case where 
the change of velocity at each impulse is constant. The method here 
is similar to that for a vacuum tube oscillator with discontinuous 

1 This second assumption is the usual one in the theory of the clock. See, for 
example, J. Andrade, Horlogerie et chronométrie, Paris, 1924. 
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characteristic. Let the damping be assumed small and let d be the 
logarithmic decrement of the system. Let also a be the change of 
velocity produced by the control mechanism and y: the initial 
velocity (i.e. immediately following the first impulse). Then the 
velocities ys and v3 just before and after the second impulse are 


Yo = yie*, y3 = ye? + a. 


For periodicity we must have ys; = ¥: = Yo. Yo being the stationary 
amplitude. Hence yo = a (1 — ¢~#). As with the vacuum tube, the 
staulonary amplitude is stable, 
ry and no matter how small y; mav 
be the oscillations grow. Thus 
our model is self-exciting and is 
therefore to be rejected since real 
clocks are not. All this is con- 
firmed by the phase portrait! 
(Fig. 109). The representative 
x point beginning at y; follows one 
of the spirals and returns to a 
position y= below y;. then rises to 
ye +a and proceeds generally 
on another spiral. Since y; — ys 
increases Irom 0 to + x when y; 
increases from Oto +=. y: — Ys 
passes exactly once through the 
value a. Then and only then 
the motion continues on the first spiral and the representative point 
describes a closed curve. 1.e. we have an oscillation. Fig. 109 shows 
that it is stable and selif-exciting. 
We now examine the second law of impulse which reduces here to 
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2 2 9 
y; — ys = A? = constant. 


This time we find 
you ow VEER = VP, 
The stationary amplitude y is determined by y3 = y, = y. Hence 
h 


1 We assume that the impulse takes place once in a period and for maximum 
sitive velocity. 
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The situation is found to be the same as before: unique oscillation with 
self-excitation. The only difference is that a is not fixed, its value 
being 

a= Vy? ae aco Ya, 


but otherwise nothing is changed. Thus this model must also be 
rejected. It follows that lincar friction is not admissible. 

2. The clock with constant friction. As we have scen, in suitable 
units the equation of motion of a linear oscillator with constant friction 
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fo per unit mass is 


E+x = —fo for z>0 
€+2= +fo for oO. 


We have seen that the paths are spirals formed from half-cllipses— 
actually half-circles here because of the choice of units. For simplicity 
we assume that the impulse occurs at x = —fo instead of z = 0. The 
first impulse assumption that mv, — mvo = constant becomes, in 
terms of the coordinates y; — yo = a. Now consider the paths in 
the phase plane. A representative point starting at A(—20,0) follows 
the path indicated in Fig. 110. The center of the upper half circles is 
(—fo,0), that of the lower ones is (fo,0). Starting on a circle of radius 
Ro, the point changes to a circle of radius 2y + a after 90°, cuts the 
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positive z-axis at distance Ry + a — 2fo from (fo,0), then follows a 
circle of radius Ry + a — 2fo until it returns to the negative axis at 
distance Ry +a — 4fo from (—fo,0). Thus the character of the 
motion depends on the sign of a — 4fo. 

Case I: a — 4fo <0. As shown in Fig. 111 the oscillations will 
be damped out when, after a finite number of strokes, the point gets 
into the equilibrium region: —fo <@ < fo. 


Fic. 111. 


Case II: a — 4fo > 0. Thisis shown in Fig. 112. Points starting 
in the shaded region will reach cquilibrium after a finite number of 
strokes. For points starting in the rest of the plane (including the 
boundary curve) the oscillations of the system will grow infinitely. 

Case III: a — 4f5 = 0. This is shown in Fig. 113. Points start- 
ing in the shaded region will reach the equilibrium state before describ- 
ing a full revolution. For points starting outside the shaded region all 
motions will be periodic with the amplitude depending on the initia! 
conditions. Here we have a continuum of periodic motions and insta- 
bility with respect to small changes of the parameters; any change of 


fo throws us into Case I or IH]. Both properties are characteristic of 
conservative systems. ) 
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Thus the assumption of constant friction with the impulse law, 
mv, — Mvy = constant, does not correspond to actual clocks. We shall 
now assume constant friction and the impulse law, mvj — mvj = con- 
stant, and show that this combination is satisfactory. The impulse 
law gives y? — y? = h?, where h is a constant, hence a = ~/y? + h? 
— yo. (See Fig. 114.) The phase portrait is shown in Fig. 115. A 
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representative point starting at (—2o,0) on a circle of radius fo, center 
(—f,0), moves after 90° to a circle of radius Ri where Rj — Ry = h’, 
then cuts the positive z-axis at (2,0) where 41 = Ri — fo. Then it 
follows a circle of radius R, = Ri — 2fo, center (fo,0), cutting the 
negative z-axis at (—2%2,0) where tv. = fi — 3fo. Hence 


(xo + 3f0)? — (to — fo)? = A?. 


For a periodic motion we have x2 = Xo; hence, setting v2 = %o in this 
equation and solving for xo, we find 
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Fic.-114. 


To have a periodic motion we need x > fo, or h? > 16/3, since other- 
wise (—2%0,0) will he on the segment of equilibrium states. This 
imposes a condition on the energy source demanding it to be of greater 
strength for larger fo. If this condition is satisfied, then we have a 
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unique periodic motion of definite amplitude. The closed path 


consists of parts of circles and a segment of length a on zx = —fy. It 
follows easily from a theorem of Koenigs! that the neighboring motions 
¥ 


stationary periodic 
motion 


Fre. 115. 


approach the periodic motion, 1.e. the periodic motion is stable. This 
model ‘clearly has the two essential features of a clock: existence of a 


1 The theorem of Koenigs, of interest in the theory of oscillations, is as follows: 
Let F(z,y) be analytical near (u,a%), where F(ui,a) = 0. Let us suppose that a 
sequence t1,U2, - * - is such that F(upuayi1) = Ofor all mn. Then the scquence — 
ua if: (a) the points wu, from a certain n are sufficiently near @, and (b) the slope 
—F,/F, of F(z,y) = 0 at (d,a) is <1 in absolute value. If (a) holds but the slope 
>1 in absolute value, then the sequence does not converge to @. In our case 
with the sequence %,%2,t4, °°: ,andF = (y + 3fo)? — (x — fo)? — h?, itis found 
that the absolute slope is 
Zz — fo 
Z+ 3fo 


and that property (a) holds. Hence we have convergence to % For further 
details see Koenigs, Recherches sur les équations fonctionnelles, Bulletin des 
Sciences Mathématiques, 1883. 


<1, 
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unique stable stationary amplitude and necessity of an initial impulse 
of a certain magnitude to start the oscillation. The greater the fric- 
tion the greater must be the initial impulse. 

’ The friction in an actual clock is partly of constant type, as in that 
from the control, and partly variable, as in that from the air resistance 
of the pendulum. If we consider a model containing both types, 
assuming the variable friction linear, we get nothing really new. The 
image in the phase plane is simply made up of parts of spirals instead 
of circles. Constant friction is related to an essentially new property: 
no self-excitation and necessity of a strong initial impulse to start the 
periodic process. 

Whenever an oscillatory system requires & minimum Initial impulse, 
so that there are both a periodic motion and stable equilibrium, we 
shall say that we have hard operating conditions. Soft operating condi- 
tions are those in which periodicity 1s either impossible or else takes 
place whatever the initial conditions (on the least provocation), so 
that the system is self-exciting. Here there is only one stable state 
at a time, and it can be either periodic or an equilibrium. 

3. A digression regarding vacuum tubes with discontinuous 
characteristics. Fora clock, hard operating conditions arise from dry 
friction, while linear friction gives soft operating conditions. Another 
case of soft conditions is the vacuum tube oscillator of §4, with a 
characteristic composed of straight segments. Here, as we shall see, 
we have softness because the characteristic of the tube is not displaced, 
i.e. its vertical part passes through the point e, = 0. Otherwise the 
working conditions become hard. The displaced discontinuous char- 
acteristic 1s a satisfactory idealization when the altcrnating voltage 
on the grid appreciably exceeds the saturation voltage of the tube and 
the operating point is displaced either into the saturation region or the 
region where the plate current is zero (i.e. a grid-bias voltage is applied). 
When the discontinuous characteristic is displaced, the equation of 
motion 1s the same as without displacement: 


€+ 2ht + wie 
E+ 2he + whx 


a for > 6b 
0 for z< 6. 


The phase portrait (Fig. 116) 1s obtained by cutting the phase plane 
along the line y = b and shifting the upper half to the right by a. 
By continuity we may show again that there is one and only one closed 
path, made up of two half-spirals. All the paths except those in the 
shaded region tend to this one, while those in the shaded region tend 
to a stable equilibrium (a focus). Clearly a periodic process will 
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occur only if the initial voltage and current intensity are sufficiently 
great. We shall show that an idealization like that made for the clock 
—with instantaneous impulses from an apparatus of unlimited power— 
is satisfactory here also. 

Neglecting as usual the effect of grid current and changes in plate 
voltage, we shall assume that the L,CR oscillating circuit is in the grid 
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circuit (see Fig. 117). The oscillations will not depart far from the 
sinusoidal form if R is made small and C is made large so that the 
energy stored by L, and C is large compared to the energy dissipated 
by R during each period and the energy furnished by the battery during 
each period. The almost-sinusoidal oscillations are so large that the 
voltage of the grid enters far into 
the region of zero plate current 
and region of saturation. The 
grid voltage v changes sign twice 
during each period. When v 
passes through zero with positive 
slope, the plate current 7, rapidly 
(but not instantly) increases from 
zero to I, (Fig. 105). Asa result 
of the mutual inductance M. 
between the coils for L; and Lz this rapid change of current through L» 
causes an induced voltage f(t) = M7» in the coil for Li which is effec- 
tively in series with the inductance L; and therefore with C and R. 
T he induced voltage f(t) is non-zero for such a short time that the 
charge gin C (and the voltage v across C’) does not change appreciably. 
Also the voltage across R is small compared to f(t). Therefore f(t) 


Fic. 117. 
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must appear almost entirely across £,;. In a similar manner when v 
passes through zero with negative slope, the plate current changes 
rapidly from J, to 0. Then the induced voltage f(¢) occurs in the form 
of a short pulse across L, of opposite sign from the previous pulse (see 
Fig. 117a). If we idealize f(t) to the form of an instantaneous pulse, 
then the situation is analogous to our idealization of the clock. 
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The induced voltage f(t) applied to L, over a short time interval 
will produce a Jump Aq (see Fig. 117a) in the current q through L; 
(L, and C have the same current). The value is obtained from 


df 
eS 
l t+r up ; 
Aj == ee : 
q 7 f(t) dt 7 tpt 


where the interval ¢ to t-+7 is the time during which the plate 
current zp changes. For the case when v passes through zero with 
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positive slope we have 


AL. AL 
Aq = ‘A (tpt +7) — %(t)) = 7 fe 


Similarly when v passes through 0 with negative slope 


M 
Ag = ——T_1;,. 
s L 
Since A(Lq) does not depend on the behavior of 2, in the interval 
(t,t +7), but only on J,, it is unimportant whether the jump Js instan- 
taneous or very rapid. We assume it instantaneous, and the equations 
of the system become 


G + 2h¢q + woq = 0 for q#0 
_ AM 
(16) a4g=7 4. fol q=0,q>0 
M 
Ag=—7 le for q=0,¢ <0 


with the added condition that q varies continuously. Then the oscillo- 
eram of any motion of the system consists of arcs of damped sinusoids 


gq = Ae) cos (w(t — to) + ¢), 


joining points of the time axis. Where two arcs join there is a differ- 
ence in slope depending on the jump. ‘This system is just like the clock 
where the impulses produce a constant change of velocity. The only 
difference is that q changes twice, instead of once in each period. 

One may show, if need be, by examining the paths, that every 
solution of the system (16) tends to the periodic motion representing a 
stable self-oscillating process: 


—alt—tm—re T 
q = (—1)"Ae m( eo (ee ) 


T n 1 
b+ <1 to + al T, 
MI, 1 nr 
aT tage FONE EOE 


Here n is an integer and ¢) an arbitrary phase. For small logarithmic 
decrements, d = hT, we have approximately: 


_ 2MI, 
7 wold 


A 
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As with an oscillator with a discontinuous characteristic, when 
dissipation — 0 the oscillations tend to sine waves in the sense 
that the harmonic factor — 0. 
4, Return to the theory of the 
energy energy clock. We shall now explain some 
: oss of our earlier conclusions by simple 
energy considerations. Recall that 
for linear friction the energy dis- 
sipated during a period is propor- 
tional to the square of the amplitude 
and that for constant friction 1t 1s 
linear. For the impulse law 2, 
— vo = constant = Avo, the increase 
in energy 1s 


energy 
input 


amplitude 


2 M4 

stationary 5 (vo + Avo) —~ Yo 

amplitude a 
FI1a. 118. = ry (2v9Avo + Av), 


which is linear in vo. For the impulse law mv} — mvj = constant, the 
increase in energy is constant. Our fundamental results are now clear. 


energy 


energy 
loss 


energy 
input 


amplitude 


stationary 
amplitude 
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A periodic process is possible only when the energy of the system is the 
same at the end and beginning of a period. Consider whether this 
holds in our cases. In the first case (linear friction and impulse law 
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v1 — Vo = constant) the losses of energy are proportional to the square 
of the amplitude, while the energy input is linear. Input and output 
are equal for only one amplitude, hence there is only one stationary 
amplitude (Fig. 118). In the second case (linear friction and impulse 
law, vj — v9 = constant) the loss of energy is quadratic and the input 
constant, so again there is only one stationary amplitude (Fig. 119). 
In the third case (constant friction and impulse law, v1 — v9 = con- 
stant) loss and input are both linear, so there are either no stationary 
amplitudes or infinitely many. In the fourth case (constant friction 


energy 


energy 
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energy 
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and impulse law, mv? — mv} = constant) the loss is linear and input 
constant, so there is only one stationary amplitude (Fig. 120). 


S86. SELF-OSCILLATORY SYSTEMS 


We have just considered several systems, clocks and electronic 
circuits, which can be placed in a common class, the class of self- 
oscillatory systems. This class is all important in practice and its 
characteristic property is that there are produced perfectly definite 
oscillations which are on the whole independent of the initial condi- 
tions, and are intrinsic properties of the systems. ‘The class includes, 
for instance, electric bells, arc oscillators, various buzzers, wind and 
string musical instruments, etc. 

In a self-oscillatory system, particularly in an autonomous system 
(not explicitly dependent on the time), the energy, at least as regards 
the system’ itself, must also be provided in some “timeless”? manner. 
Thus in general the energy will be provided in constant manner: by a 
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storage battery, for instance. However, as the work accomplished 
by the source of energy will generally depend upon the system, it may 
act periodically. Thus a self-oscillatory system generates a periodic 
process from a non-periodic source. rom this standpoint a steam 
engine may be thought of as a self-oscillatory system. 


S7, PRELIMINARY INVESTIGATION OF APPROXIMATELY SINUSOIDAL 
SELF-OSCILLATIONS 


Self-oscillatory systems with one degree of freedom are described 
by an equation 


(17) E+ we = F (2,4) — 2ht =-f(2,2). 


An oscillating circuit with linear damping always leads to such an 
equation.!. For a vacuum tube oscillator this holds with #3 = 1/LC, 
2h = R/L and F(z,z) will then be the e.m.f. due to feedback coupling. 
There is compensation of the ohmic loss and hence a periodic process 
may arise. For the present we shall assume /'(a,%) and hence also 
f(z,z) analytic over the whole phase plane. 

The fundamental problem for the sequel is to determine whether 
self-oscillations are possible and if so to find, if only approximately, the 
spectrum of self-oscillations. Before taking up the general problem 
itself it will be found very much worth while to discuss approximately 
sinusoidal types.’ 

Let us suppose that the closed path in the phase plane representing 
a periodic solution lies outside a circle of fixed radius Ro. Then if 
f(z,z) is sufficiently small outside the circle the periodic process will 
be approximately sinusoidal. However, the clock and the vacuum 


1 A noteworthy special case is where F'(z,z) does not depend on z, so that instead 
of (17) wc have + wit = Y(#). Notealso that (17) can be written = G(z,z) = 
F(z,2) — 2ht — wiz. From the mathematical point of view the expression at the 
right is not unique but arises out of physical considerations. 

2 Although self-oscillations in their physical nature differ substantially from 
oscillations of conservative systeins, the form of stabilized self-oscillations can 
differ as little as we choose and even coincide with the form of oscillations in a 
conservative svstem. In particular, in certain important cases in practice, they 
differ very little from those of a lincar oscillator. Thus examining the oscillogram 
of the oscillations of an oscillator with discontinuous characteristic in the case of 
small h, it cannot be distinguished from an oscillogram of a harmonic oscillator. 

To prove this assertion consider the system: 


dx dy 
Pe 7 iain + $(z,y), 


which upon eliminating y reduces to the form (17). Assuming that this system 
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tube oscillator with discontinuous characteristic have shown that the 
smallness of f(xv,%) 1s not a necessary condition for approximately 
sinusoidal performance. 

We recall some facts about resonance. In §4 we considered a 
linear oscillator subject to an external periodic force and with friction 
proportional to velocity. We considered it in a state close to one of its 
proper oscillations. By “close” is meant here that the period of the 
motion is close to the period of the oscillator and the harmonic coeffi- 
cient is small. Now consider an external periodic force ®(¢t), of period 
2r/w, acting on a harmonic oscillator with linear damping, whose 
proper frequency is also 27/w. Thus we have 


(17') #+ wx = S(t) — Qhe. 


has a periodic motion, whose path lies outside the circle of radius Ro, and further 
that outside the circle fo, |o(z,y)| < «Ro where e < 3, we obtain, when passing to 
polar coordinates r,0@: 
| 4 TOY), nee yo ayy) 
i," r 
Outside the circle of radius Ro 


rp(x,y) o(x,y) 
2 Ry <e< , : 
P(x, 
ee < |o(z,y)| < eho. 


Let us estimate the “correction” of the period of the harmonic oscillator. We 
have 


or 
I, 6(t) dé = —2r +4, la| < 27e; 
iM b(t) dt = —2n, 


where 7 is the unknown period. Hence 


if 6(1) a < Qre; 


and therefore 
[7 —_ Qr| < 4me. 


Regarding the maximum variation Ar of the radius-vector during the period we 
have 


Ar < I |? max| dt < I eR» dt < eR o(2r +. Are). 


It follows then that the closed path in question lies between two concentric 
circles whose difference of radii < Ro(2re + 47e?). It is obvious that, if we knew 
in advance that the path of the periodic motion is between the circles of radii No 
and R,; (R; > Ro), it would suffice to require the smallness of ¢(z,y) only in the 
region between the two circles. 
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Let us set 
(ft) = P cos wt + Q sin wi + GL), 
+ 0 


Po 
G(t) = oe + » (P, cos nwt + Qn sin nwt), 


n=2 


where in #(t) the first two terms are the resonance terms.! ‘Then 
there 1s a proper oscillation 


P sin wt — Q cos wl 


(18) a(t) = ho 


where the resonance of the external force is compensated by the fric- 
tion. Jor small h (when P? + Q? # 0) the system will devclop under 
the action of @(t) a periodic motion as ncar as we please to (18) in the 
sense that it will dominate arbitrarily strongly the other harmonics 
of the oscillation or, if we please, will have a very small harmonic 
coeficient. Letting x(t) be the precise solution of (17’) and defining 
z(t) by: x(t) = x,(é) + 2(2), it is clear that z(t) is induced by the non- 
resonance term G(¢t) and satisfics 


Z+ wz = G(t) — 2hz. 


In the following z(t) will denote “‘forecd” solutions of this equation. 
The harmonic cocfficient p is given by 
Qn 


w/a f° z(t) dt 
(ke 


4h?w? 


p? = 


l’rom the Fourier scrics solution for z(t), which is readily calculated, 


we infer that 
Qr Qn 


w J wo 
- | z(t) dt <== 7 G(t) dt, 
Tv /Q WT f/9 


or 


a i G?(t) dt 4p2 
esate icine 


Pee ty? WwW 


'That is, the constants /’ and Q are such that 


and hence that 


2x 2x 
ie G(t) cos wi dt = 0, i G(t) sin wt dt = Q. 
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Hence the condition of sinallness of the harmonic coefieient will be: 


i oe 


Wo) Af? 


29 

a Gt df [2 -{- ()2 
| CO de 

() 


With a given (t), whatever 108 spectrum, for A sufliciently sinall nnd 
P? + Q? ~ 0, the harmonic cocfhicient can be made arbitrarily srinll. 

We are mitlerested in the case where the foree is included in the 
system, and not external. Phe equation of motion is 


(19) £- ote = (at) — Qhia. 


If the periodic motion of the self-osellating process in wc b(L), 
z= (t), then this satisfics 


(20) ft wre = (b(t), o(l)) — Bhi 


which is the equation of a syste acting Under aw foree which depends 
on the time.’ Henec self-oscillations can be considered ng forced 
oscillations produced by mn external foree whose form depends on the 
nature of the self-oscillations. Tf the function of tine /(p(Z),d(0) 
satisfies the resonance conditions and its period is close cnough to 
2r/wo, then we can speak of self-resonance.? 

The form of (20) 16 evidently not unique. "Phus we can also write 
it as 


(21) E+ ws = (dd) 4+- (w* — wi) — Zhe 
where w 18 the frequency. Then we would examine the externnl force 
I’ i(d,¢) = I'd, db) -{- (w” = or) 


acting on the near oscillator with another (correeted’’) frequency, 
Sometimes in the form (20) the conditions of resonance mre not ful- 
filled, while for @ proper choice of w they are fulfilled by (21). 


1Let us note that equation (20) is only apphenble to the periodic motion under 
consideration. Jn general, other peniodic motions defined by (19) do not satisfy 
equation (21), Consequently, the solutions of the non-aatonomous equation (20) 
do not enable us, for example, to investigate the atability of the periodie wysbternn, 

2TIn particular, the notion of self-resonance cnnbles one to conclude that, when- 
ever f(z(t),2(t)) in (17), a8 a function of time, is practically independent of the 
character of the oscillations in the eireuit (for example, upon the magnitude of 
the amplitude), and its period tends to the period of the harmonic oneiator 2a /wo 
when the damping of the cirenit decrennes, then we obtain more nid more nearly 
dinusoidal rotions when the damping deerenses, This remark has practical 
interest, 
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By means of self-resonance and assuming that (19) has an approxi- 
mately sinusoidal periodic solution, we obtain approximate expressions 
for the amplitude and frequency of the fundamental tone. Let the 
periodic solution of (19) be close, in the sense of small harmonic 
coefficient, to the sinusoidal solution 


ao(t) = A cos at, Zo(t) = —Aw sin wt 
with A and w undetermined constants. Replacing the precise solution 
by a “zero approximation” ao(t) = A cos wt in (21), we can again 
study the self-oscillations as forced oscillations. ‘Then we obtain the 
equation 
(22) €+ we = F\(A cos wt,—Aw sin wl) — 2hz. 
Expanding F, in Fourier series we may write 
F(A cos wt, —Aw sin wt) = P(A) cos wt + Q(A) sin owt + G(A,t) 
where P(A) and Q(A) are the usual Fourier coefficients. The forced 
solution of (22) is 
P(A) sin wt — Q(A) cos wt 
Zhe 
where 2,(A,t) contains the terms induced by the non-resonance term 
G(A,t). For given w, P(A) and Q(A) there is a proper oscillation 
P(A) sin wt — Q(A) cos wl 
Zhw 
and the resonance terms of the external force are compensated by the 
friction in these oscillations. Hence we can identify this proper 
oscillation with x(t) = A cos wt, which, by assumption, produces the 
external force. This gives the equations! 
(23) P(A) = 0, Q(A) + 2hwA = 0 


1 These equations are often said to be obtained by making the coefficients of 
the ‘“‘resonance terms”’ equal to zero. Let us justify the term and at the same 
time give another, more convincing solution of these equations. Namely, instead 
of (21), consider 


E+ wr = F(¢,6) + (ww? — wea — 2h¢d = fi(d,¢). 


Assuming the existence of oscillations, close to a sinusoidal oscillation z = A cos wt, 
we will be dealing with forced oscillations of a harmonic oscillator without friction: 


+ wx = P(A) cos wt + (Q(A) + 2hwA) sin wt + G(A,t). 
As we know, the oscillations will fail to grow indefinitely only if the coefficients 


of the resonance terms of tle external force are equal to zero, and this yields 
again (23). 


x(t) = +- 2,(A,t) 
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which determine the A and w of the approximately sinusoidal self- 
oscillations. 

liven under our assumptions the amplitude and frequency given by 
(23) are generally not the exact amplitude and frequency of the funda- 
mental tone since in passing to the “forced” problem we replaced the 
precise solution by A cos wt. Replacing our zero approximation by 
the “first’’ approximation! 


2 1(t) = A cos wt + 2,(A,t), 


we get, instead of (23), some other conditions on A and w. Then 
taking further approximations we obtain a sequence of values of A and 
w whose convergence to a precise solution requires a special investiga- 
tion. We shall discuss this when we take up Poincaré’s quantitative 
methods. 

Many investigators, notably Méller and van der Pol, assume that 
self-oscillations are approximately sinusoidal. The precise methods 
of Poincaré apply conveniently under this assumption. In many 
cases, however, as in the various multivibrators which are widely used 
in measuring devices, this is not a satisfactory assumption. We shall 
pay special attention to these cases later. 

Self-oscillating systems in which one of the oscillating parameters 
(spring constant, capacitance or inductance) is of secondary impor- 
tance compared with friction will be called relazational,? in contrast 
with systems of Thomson type in which the primary role is played by 
capacitance and inductance. 

Frequently one may simply neglect the unimportant elements, 
notably the mass or the inductance. ‘This brings about a degeneracy 
of the basic differential equation and the system may then be viewed as 
producing oscillations with discontinuities, with the related conditions 
of jump. ‘These questions are dealt with in the next chapter. 


1 Let us notc that if the “first approximation”’ represents with sufficient prc- 
cision the desired periodic motion which, according to our assumption, should be 
close to a sinusoidal motion, then the harmonic coefficient should be small. Even 
when this holds, we cannot say whether A and w obtained from equation (23) 
will represent the fundamental] tone of our solution with sufficient precision, and 
what will be the harmonic coefficient for further “approximations.”’ 

2 This type of oscillation was first obtained as a periodic discharge of a con- 
denscr through a resistance. The term ‘“relaxational’’ was borrowed from 
mechanics. In mechanics “relaxation,” a gradual disappearance of elastic 
deformation in a medium possessing friction, is analogous to the discharge of a 
condenser through resistance. 


CHAPTER IV 
Dynamical Systems Described by a Single 
Differential Equation of the First Order 


$1. INTRODUCTION 


We have already seen, for instance, in the rectilinear motion 
of a material point attracted by a spring, that for a very small mass 
m or small spring constant /, the basic differential equation degenerates 
from the second to the first order. Similarly in an L,F,C circuit with 
L small or C large. Whenever in addition one of the elements is non- 
linear, even discontinuous, there arise non-linear problems and pos- 
sible non-linear oscillations. As an example, instead of the complete 
equation for a self-oscillatory system 


(1) mi + kx = (2) 


we have, when the mass m (or the inductance in an electrical system) 
is negligible, the degenerate equation 


(2) kx = $(2). 
This may sometimes be solved for # yielding an equation 
(3) t = f(z) 


and it is mainly with equations of these two types that we shall deal in 
this chapter. 

It may be noted that, when the spring constant ¢ is negligible (or 
the capacitance very great in an electrical system), (1) reduces to 


mE = $(Z) 
which, upon setting t = y, reduces to 


my = oy) 
which is again of type (8). 
Regarding (2) or (8) several important observations may be made 
in connection with oscillatory systems. ‘The first is as follows. If we 
set £ = y, then both yield the same graph in the phase plane z,y: 


(4) kx = $(y), 
(5) y = f(z). 
138 
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If there is to be an oscillation, the graph must represent a closed curve; 
hence some horizontal and some vertical must mcet the curve in more 
than one point. This means that neither ¢(y) nor f(x) can be single- 
valucd without exception. It cxcludes, for instancc, the possibility 
that f(z) be analytical without exception for all values of x since this 
would imply that f(z) is single-valucd. Thus in the case of periodic 
motion one will have to expect functions only analytical in part, 
possible presence of radicals, or even discontinuities. 

The second observation refers preciscly to the possible discontinui- 
ties or Jumps. In this connection one must bear in mind the general 
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postulate of no change in the total energy stored in the system, which has 
also been referred to as the condition of thegump. It is only necessary 
to retain here the following consequences which alone matter and may 
be justified on sound physical grounds: 

(a) In a mechanical system one may admit abrupt changes of the 
velocity z but the displacement x must be continuous. 

(b) In an electrical system with a large inductance L the current 1 
through ZL must be continuous, while if there is a large capacitance C 
the potential difference V across C must be continuous. 

Our last observation is this: In our degenerate systems we have 
only one path represented by (4) or (5). Hence we cannot have 
arbitrary initial conditions and expect to have an oscillation start 
forthwith. If the initial position A is not on the unique closed 
trajectory, the motion will ‘‘do something” before the oscillation 
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starts. What actually happens is that at the begmmuing one must 
take account of the neglected clements (nass, inductanee, etc.) and 
go back to the basic equation (1) whose paths cover the plane. One 
will start from A, and somewhere when ma becomes very small, 
together with a jump condition, one will go over to (2) or (3) and the 
oscillation will take place. Usually this transient initial stage may be 
disinissed as of no practical importzance. 

Returning to our general theory, equations (2) and (3) call merely 
for a phase line, the z(t) line, and this will be considered first. At the 
same time it will be convenient to use the time-space diagram or plane 
(t,2). Later when we come to deal with oscillations proper, the phase 
plane (a,y) will again be utilized. In electrical phenomena it may 
well be a (v,2)-plane or something similar, but “phase plane’ and 
related mechanical terminology will be preserved for convenience. 


S2. EXISTENCE AND UNIQUENESS THEORY 


Let us examine the (t,7)-plane. The solution of our equation, 
x = ¢(t), is represented by curves in the plane. We shall call these 
curves integral curves (they should not be confused with the paths ina 
phase plane). 

Let us assume as mitial conditions x = 2 when ¢ = to: we are 
given a point (¢o,%0) In the plane. We ask then under what conditions 
does there exist a solution of our differential equation satisfying these 
initial conditions, i.e. when does there exist an integral curve passmeg 
through the point (t,270). The answer is given by Cauchy’s theorem 
relative to the existence of a unique solution of a differential equation. 
It asserts here that, fin the interval from 2 — @ toa + a the function 
f(z) is an analytic funetion, then it is possible to find numbers a,b 
(b > 0) such that in the interval from é — b to t + b there exists a 
unique solution x(¢) such that ¢(to) = wo. ‘This solution is an aualytic 
function of ¢ in the interval to — b,féo + b. Weaker conditions than 
analyticity may be considered as the reader will see by refereuce to 
standard texts. 

Geometrically speaking, the interval wo — a,xzy + a cuts out on the 
(t,c)-plane a strip parallel to the é-axis. The interval to — b,lo + b 
determines on this strip a quadrilateral containing the pomt ¢o,2o0. 
The Cauchy theorem asserts that in the interval t — b,fo + b there 
passes 2 unique integral curve through the point (éo,.v0). Naturally 
the question arises whether this solution can be extended, i.e. whether 
there exists a solution of our equation iu an interval greater than 
lo — blo + 0b, coinciding with the solution corresponding to tlie interval 
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to — bto + b. To answer this question let us examine the point 
(to — b,z1) representing the hmit of the points of our integral curve 
when é— t — b. Here two cases may arise: if x71 is a point of analytic- 
ity of the function f(z), then we can apply to this point the same 
theorem and obtain a solution on a larger interval; if 7; is a singular 
point, then Cauchy’s theorem is not applicable and the unique exten- 
sion may not be possible. 

It is clear that the same reasoning may be applied to the other 
end of our portion of the integral curve—to the point (f) + b,ze). 


Fig. 122. 


Thus we see that our integral curve will be extended, in any case 
until z reaches a value where f(z) ceases to be analytic. If the function 
f(z) 1s analytic along the total straight line, the solution will extend 
until x goes to infinity. If x does not go to infinity, the solution will 
be valid from t = —~ tot = +o. 

Even if there exists a singular point, cases where the solution is 
valid from t = — «© tot = + © are possible. In these cases the solu- 
tion runs, for example, between tivo straight lines parallel to the t-axis 
whose ordinates are singular points of the function f(z). 

To sum up: the whole (¢,z) plane can be divided into strips parallel 
to the ¢-axis, whose ordinates are singular points of the function f(2). 
Within each strip there passes through each point a unique integral 
curve. These curves are analytic curves and do not cross one another 
inside the strip. 

Across the boundaries of the strips various things may occur. 
The boundaries may be crossed continuously, or a discontinuity may 
arise. Let us examine an example having physical interest where the 
Cauchy conditions are not fulfilled: a falling body of mass m with zero 
initial velocity. According to the law of conservation of energy we 
have: 
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mv* 


oF mg(x — Zo). 


Taking the positive root (we are limiting our investigation to motions 
in one direction), we obtain: 


(6) t= + V29(x — 20). 


Let us find a solution of this equation corresponding to the initial 


Xr 
7 
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conditions ¢ = tj) and z = xo. _ It is easy to see that for this value of zx 
the function f(z) = +/2g(x — 29) is not holomorphic since the deriva- 
tive f’(z) becomes infinite when x = zo, and consequently f(z) cannot 
be expanded in Taylor series at this point. Thus on the (t,z) plane 
along the straight line z = xo the conditions of the Cauchy theorem 
are not satisfied. What happens here may, of course, be settled by 
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direct integration, and we find that (6) has for the given initial condi- 
tions the solution, representing a parabola: 


(7) t— 2 = g(t — b)?. 


In these parabolas we have to consider only the branch to the right 
of the axis of symmetry since the radical has been taken positive 
and soz > 0. 

Besides this solution our equation has another solution x = xy 
satisfying the same initial conditions. It may be obtained by the 
ordinary rules for the envelope of the family of parabolas (7) with a 
variable parameter to. Thus we can see (Fig. 125) that through every 
point of the straight line x = 2x there pass two, instead of one, integral 
curves, 1.e. the solution is not unique. It is easy to indicate the phys- 
ical meaning of this multiple solution. Our investigation of the falling 
body is based on the law of conservation of energy and not on Newton’s 
law. From the point of view of the law of conservation of energy 
the body can, in accordance with the initial conditions, either fall with 
uniformly accelerated velocity or else remain at rest. This illustrates 
once more the well-known circumstance that the law of conservation 
of energy is not sufficient to establish the law of motion even in the case 
of systems with one degree of freedom. 


§3. DEPENDENCE OF THE SOLUTION UPON THE INITIAL CONDITIONS 


Since in real systems the initial conditions are never known exactly 
one must know what happens to the solution of the differential equa- 


Xx 


tion (3) when the initial conditions (o,to) undergo small changes. ‘The 
answer is given by the theorem asserting that the solution varies 
continuously with the initial conditions. As we have seen, the initial 
conditions determine the integral curve wherever the conditions of 
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Cauchy’s theorem are fulfilled. Thus, when they are given, x is a 
function of time only, so that we can then write x = ¢(¢t). The solu- 
tion, however, does not depend on ¢ alone but is also a function of the 
initial conditions ¢o,29, and therefore we must write x = $(¢,%0,é0) or 
rather x = (t — to,20), as the system is autonomous and so x depends 
obviously only on ¢ — f. Let us assume that the integral curve 
x = ¢(t) passes through the point (to,20) and does not leave the analytic 
region of f(x) in the interval t; < ¢ < ¢, which we assume includes 
the point ¢. The continuity theorem asserts that, if we change the 
initial conditions slightly, we obtain in the interval of time from ¢, to 
to a curve x = $(£) close to the initial curve. Let us formulate this 
theorem precisely: during a given interval of time from f; to te where 
the solution z = ¢(t) does not leave the analytic region, there exists 
for arbitrary small « (e > 0) a positive number 6 such that 


Ig) -dQ_ <6 (1 <t<t), 


whenever 
lzo — %o] <5, [to — bo] < 8, — {x0 = P(bo); Zo = H(bo)}. 


$4. VARIATION OF THE QUALITATIVE CHARACTER OF THE CURVES IN 
THE (t,x)-PLANE WITH THE FORM OF THE FUNCTION f(z) 


Let us assume that in the basic equation (8) f(x) is an analytic 
function for all values of z, and that f(z) = 0 has no real roots. Then 
£ preserves the same sign, say +, for all ¢ and all the solutions of (3) 
are monotonic increasing functions when ¢ increases from t = — © to 
t= +x. Onthe other hand, if f(z) = Ohas real roots 71,272, > - * ,2n, 
they will obviously correspond to equilibrium states. The correspond- 
ing integral curves in the (¢,x)-plane are straight lines parallel to the 
t-axis and decompose the plane into horizontal strips. Since integral 
curves cannot cross, each is wholly within one of the strips and conse- 
quently is monotonic since the sign of f(z) is fixed within a strip. 
Furthermore, it 1s easy to see that, if the integral curve is in the strip 
bounded by the horizontal lines 2 = 2, 2 = 2141, 1t will approach 
asymptotically one of these straight lines when {> + © and the other 
when ¢— —«. If the integral curve is in the part of the plane 
limited by a single horizontal line, the integral curve goes to infinity 
for some finite ¢ or when t— +o or t—— «; on the other side it 
tends to the limiting straight line. 

Thus given f(z) it is easy to determine the qualitative character 
of the curves in the (¢,x)-plane. 
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Observe once more that when f(z) is analytic the curves cannot be 
periodic since they are monotonic. This remark will be useful later. 


S5. MOTION ON THE PHASE LINE 


We continue to consider the general system (3) where f is analytic 
and non-zero except possibly at a finite number of points 71, ° + * ,tn. 
Since a motion is completely determined once x is known as a function 
of t, a phase line, the x-axis, representing the displacement, is all that 
is required. At each point P other than one of the points z; the veloc- 
ity has a definitesign and so the intervals x; < t < 2i4; or the half-lines 


Pp 
eT 
L=Ip 
Fig, 127, 


x <2, tn < 2, are described in a definite way and regardless of the 
initial position. For instance, if f = x? — 1, so that the equation. is 
z= x? — 1, the points to be marked are x; = —1, x = +1. The 
function f is negative between these points and positive outside. 
Hence to the right of +1 or to the left of —1 the motion is always 
forward, while between —1 and +1 it is always backward. 

It may be observed that, according to the case, an end-point 2; 
may be approached in a finite or an infinite time; no rule may be given 
for this behavior. 

Let two representative points P1,P2 correspond to solutions 
z1(t),72(t), both of which start at time f¢ within the same interval 
ri << x£ < 2Xi4, of application of Cauchy’s theorem. Let us follow their 
motion during a certain finite interval of time 7 during which P, does 
not leave the analytic region. ‘The theorem on the continuity of the 
dependence of the solution on the initial conditions states that it is 
always possible to find a positive 6 depending on the values of 7' and 
of «, both positive, such that |x1(#) — £2(t)| <efortoct<ct+Tif 
|x1(to) — 2e(to)| < 6. 

Given the graph z = f(x), one can divide the phase line into 
trajectories (segments or half-lines) and indicate the direction of the 
motion of the representative point along the trajectories. Figure 125 
shows an example of such construction. It is clear that, if f(z) is 
analytic throughout, the fundamental elements defining entirely the 
character of motions on the phase line are the zeros of f(x), and they 
are in fact the states of equilibrium. Given the equilibrium states 
and their stability, it is possible to draw a qualitative picture of pos- 
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sible motions. In particular, tt ean be seen at once that, when f(z) 
is an analytic function along the whole straight line, penodic motions 
ure impossible. 

The general behavior of the integral curves in the (¢,xz)-plane can 
be described if the character of motions of the representative pomt on 
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the phase hne is known. Let the hne coincide with the z-axis. We 
assume that the representative point moves along the phase line, and 
construct m the plane a pomt whose abscissa is ¢ and whose ordinate is 
equal to the displacement of the representative point along the 
x-axis at the time é& The abscissa of this pomt is the time and there- 
fore it is variable. The ordinate, eenerally speaking, varies also 
because the representative pomt moves. Consequently, our point will 
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move in the plane deseribing a certain curve. This eurve is the 
integral curve of our equation. 


S6. STABILITY OF STATES OF EQUILIBRIUM 


We have previously given a definition of stability of equilibrium 
aecording to Liapounoff. We have stability according to Liapounoff 
whenever for any small positive ¢ and time ¢o there exists a positive 6 
sueh that, if | (to) — Xo| < 6, then lv (2) ~— Xo| <eforé > to. 

For our system (3) and @ analytical about xo, Li ‘pounolt gives a 
definite method for answering the question. We have then f(x) = 0 
and are primarily interested in small values of £ = x — x9. Substitut- 
ing + = %» + £ and expanding f(x) in Taylor series, we find 


f= flee) + to) f*(ato) + LY plan) > 


oeactvealls 


which we write 


(8) f=mtitaPe+::-, 
a, = f'(Xo), ad, = i, 


Liapounoff’s method eonsists in replacing (8) by the linear part 


(9) E = ait 


called the equation of the first approximation. The integral of (9) is 
well known to be 
SSce". h= a, = f' (xo). 


Liapounoff affirms that, if 4 <0, the equihbrium state is stable; 
if \ > 0, the equilibrium is unstable; if 4 = 0, the equation of the 
first approximation is inadequate for determining stability. Thus 
Liapounoff affirms that in certain cases the equation obtained by 
negleeting the non-linear terms can solve the question of stability of 
non-linear equations. 

In the simple ease under eonsideration it is very easy to Justify 
the validity of the method. Multiplying both sides of (8) by & we 
obtain: 


1 d(é) 
2 dt 


= F(§) = a,b tack+:: : = ag (1+ 2 e+ oo ) 
1 
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For & very small the parenthesis is near unity and hence F(&) near 
a,é, ic. it has then the sign of a, = f’(xo). Thus if f’(ao) < 0, & 
decreases near zero and for f’(x») > 0 it increases. In other words, 
when x is slightly deviated from xo, 1t tends to return to it in the 
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first case and to draw away from it m1 the second. ‘That is to say, xo is 
stable for f’(%o) < 0, unstable for f’(ao) > 0. 

One may investigate stability directly from the properties of the 
graph z = f(x) near the point (0,a0). There are three possibilities 
illustrated by Figs. 130, 131, 1382 which really tell their own story. 
Thus in the case of Fig. 180 the graph has negative slope at the point 
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to and so we have f’(ro) <0 or stability. The second, Fig. 13], 
corresponds to instability, while Fig. 132 corresponds to stability to 
the left of zo and instability to the right. We have here what may be 
termed semi-stable equilibrium. 
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$7. DEPENDENCE OF A MOTION UPON A PARAMETER 


In physical systems the nature of the motion is apt to depend upon 
multiple factors whose small changes may materially affect it. To 
idealize this situation one may conveniently assume that the system 
depends upon a single parameter A, and discuss the variation of the 
solution of 

& = f(x,r) 
when A varies. 

Let us assume f analytic in both x and X for all values of 2 and X. 
As we have seen, the motion is completely determined by the states 


f(xh)=0 


of equilibrium on the x line. They are the solutions in 2 of 


(10) f(z,r) = 0. 
On the (2,A)-plane, (10) defines a certain curve. To every value of X 
there corresponds one or several states %1,%2, - * * ,2n Whose coordi- 


nates are functions of X\. In accordance with our previous remarks an 
equilibrium state is stable if 


fz(z,r+) <0 
and unstable if 
fe(z,A\) > 0. 


Thus we can see that the theory of the dependence of a dynamic system 
defined by one equation of first order on the parameter is a precise copy 
of the theory of the dependence of the equilibrium states of the simplest 
conservative system with one degree of freedom on a parameter. 
There will be branch points, changes of stability, etc. This will be 
best brought out by the examples to follow. 

1. Voltaic arc in an R,L series circuit. As we have said before, 
the investigation of mechanical or electrical systems leads to one 
equation of first order if we neglect one of the oscillating parameters. 
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As an example of such a system we may take a voltaic are connected 
to a battery through a resistance FR and inductance L. This scheme 
would lead to an equation of second order if we took into account, for 
example, the stray capacitance of the coil. If we neglect this stray 
capacitance as Well as all the other parasitic parameters, we arrive at 
one non-linear differential equation of the first order. The non- 
linearity is due to the fact that the are as a conductor does not follow 
Ohm’s law, i.e. the current through the arc is a non-linear function of 
the applied voltage. The relation between the voltage and the current 
is given graphically by the so-called are characteristic v = ¢(x) or 
x = ¥(v) where v is the voltage and x the current. 


? V 
— [] v= P(x) 
R x 
Fic. 134. Fig. 135. 


The differential equation relating the voltage and the current is 


Li+ khxe+ o(t) =E 
or 


E — Rx - 
(11) pata = ee 


The states of equilibrium are given by 
f(z) = & — Rx — o(x) = 0. 


In order to find the roots of this equation one usually constructs two 
auxiliary curves: the straight line v = # — Rz and the characteristic 
vu = ¢(x), and finds their intersection points. We shall also use 
these auxiliary curves in order to find their difference (the lower curve 
in Fig. 136), which is proportional to the right-hand part of (11), i.e. 
it represents on a certain scale the function f(z). Given f(z) we can 
at once construct trajectories on the phase line (Fig. 137). In the case 
under investigation there exist three equilibrium states, 21,72,23. 
According to our previous considerations the first and the last are stable 
while the middle one is unstable. 
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We shall now discuss what happens when one varies the parameters 
E,R. Consider first # as a variable parameter. According to the 
gencral rules we construct on the (v,/)-plane the curve f(z,/) = 0 or 
Ee — Ra — o(x) = 90. This curve, as we can see from the graph, has 
two vertical tangents # = £, and EF = E, and hence there are two 
branch points /, and 2. The value £2 corresponds to such a large 


y 


y= E ad Rx = g(x) 
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voltage on the battery (for a given /?) that the equilibrium states 2 
and x: coincide and disappear, so that, when F increases further, 23 
is the only stable state of equilibrium left and it corresponds to a sizable 
current. The value /, corresponds to such a small voltage on the 
battery (for a given FR) that the equilibrium states zz and x3 coincide 
and disappear; when / decreases further, there is left only one stable 
equilibrium state, namely z,, and it corresponds to an insignificant 
current. The diagram shows that, if & changes slowly and continu- 
ously, we shall have abrupt changes of the current of the arc circuit at 
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the branch points. 


The current will increase abruptly from z¢ to x7 


and drop abruptly from z,toz;. The graph of the stationary current 
against the voltage of the battery has a hysteresis character. In an 
analogous Way one can construct a diagram for given F and F# variable. 
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2. Single phase induction motor. As a second example let us 
examine a single phase induction motor. Owing to certain defects of 
motors of this type to be mentioned, they are useful only for low 
power and low starting loads (for example, for small fans). 

The graphs of the torque J(w) and of the frictional moment m(w) 
(bearings plus air resistance to rotor) in terms of the angular velocity w 
are indicated in Fig. 140. If J is the moment of inertia of the rotor, its 
equation of motion is 


Ia = M(w) — mw). 
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The equilibrium states are given by 
AM (a) =F mw) = 0. 


In order to find the roots of this equation one constructs two auxiliary 
curves 2 = .\f(w) and z = m(w) and one finds their intersection. 
A 


Fic. 140. 
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Proceeding as in the previous example we find the function f(@) 

and we construct the trajectory on the phase line. In our case we have 
“1° ° / 

three stable equilibrium states w = wo, w = w2, w = w, and two 
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unstable equilibrium states w = w; and w = w;. The variation of the 
situation with m and J may be dealt with as in the previous example. 

The stability of the equilibrium w = wo = 0, corresponding to 
complete rest, shows that the rotor does not start by itself but has to 
be in some way thrown out beyond the state w; or w,, i.e. one must 
impress upon it a rotation at least w: in one or the other direction after 
which it reaches itself the normal number of revolutions corresponding 
to wo. The motor can rotate in both directions (two equilibrium states 
we and w,) and the direction of the established rotation depends only on 
the direction into which the rotor is ‘‘thrown.’”’ In order to eliminate 
the necessity of starting the rotor, specia] devices are used (auniliary 
coils, poles, etc.) which cause an asymmetry of the picture of rotation 
in the two directions. ‘This produces a certain initial torque and the 
motor starts by itself, of course always in the same direction. The 
asymmetry does not make the initial rotational moment sufficiently 
large, for which reason the starting of the motor is never very smooth. 
This greatly restricts the range of application of these motors. 


S8. RELAXATION OSCILLATIONS, MECHANICAL EXAMPLES 


The term relazation oscillations is generally applied wherever the 
oscillations have a more or less zigzag or sawtooth aspect. It is pre- 
cisely the situation which we shall find here. 


Fia. 142. 


In a system governed by the basic differential equation (3) no 
oscillation can occur if f(z) is analytic throughout. Furthermore, 
when f(z) 1s single-valued, oscillations can only occur when the equa- 
tion fails to describe the system somewhere. This may be due to 
physical reasons or else because f ceases to be analytic. In either case 
one must have recourse to physical considerations such as the jump 
condition to continue the motion beyond the doubtful point. 

As an example of the first case, physical reasons, take an elastic ball 
moving without friction on tracks between two parallel solid walls at a 
distance 2a apart. The equation of motion of the ball is 7 = 0; 
therefore y = vo (y = velocity of the ball). It is obvious in advance 
that this equation ceases to be valid when the ball reaches a wall. In 
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order to determine the behavior of the ball bevond we introduce the 
additional assumption that the ball rebounds according to the law of 
elastic collision. Its motion after this collision is defined by the same 
equation but with initial velocity y = —1to. It is easy to see that the 
ball will perform oscillations between the two walls. The character 
of the motion in the phase space, accompanied by abrupt changes 
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representing the collisions, is shown in Fig. 143a. The form of oscilla- 
tions Is shown in Fig. 1436. 

As to the second possibility, that f(z) ceases to be analytic, we are 
mainly interested in the case where it becomes infinite. Our early 
theory fails here and to determine what happens it is necessary to 
introduce new postulates suggested by physical considerations, for 
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example, the condition of Jump. We shall examine later a series of 
examples bearing on this case. 

The preceding example, altogether elementary, could be settled by 
means of an equation of type (3). In more complicated cases it is 
advisable to recall the initial type 


(12) mé + ke = —F (sz) 


from which (8) arose. It will be remembered that we assumed m# 
very small, thus reducing (12) to the type 


(13) ka = —F(z); 


then one solved (13) for z, yielding (3). These assumptions must be 
kept in mind throughout the discussion. 

If the mass m is small and the friction is great, the character of the 
motion will be as follows: when the frictional forces of the system vary 
within very large limits, they appreciably disturb in certain regions 
the relation m% = spring force (or in general any regenerating force) 
so that the whole process can be definitely divided into two substan- 
tially different phases. 

1. First phase. Yhe spring force kx is much greater than the 
inertial force mz, and consequently the motion is governed mostly by 
the spring force and the frictional force. During this phase x changes 
substantially and the change in the velocity 2 is relatively slow, i.e. the 
acceleration is not large. Owing to the smallness of the acceleration 
and the mass, their product does not play an important role in the 
equation of motion. However, as x varies considerably, the spring 
force likewise undergoes an appreciable change. 

2. Second phase. The inertial force m# is much greater than 
the spring force, and consequently the motion is mainly governed by 
the inertial and frictional forces. Since the mass is small, the accelera- 
tion is very great. During this phase x does not have time to change 
appreciably but the velocity of the system varies sharply. Since the 
velocities are always limited and the accelerations are very large, this 
phase lasts a very short time as compared with the first. 

Needless to say, when friction is small and the oscillations are 
nearly sinusoidal, the division into two phases is impossible since both 
the inertial and the spring force are all the time almost equal; when one 
is small, so is the other. 

Let us assume that the mass of the system is extremely small so 
that, during the first phase where accelerations are small, it does not 
play any role. The frictional force F'(2) is a certain function of veloc- 
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ity, and during this whole phase the motion is governed by 
ke = —F (2). 


This equation cannot, however, cover the first phase alone. If we 
differentiate with respect to timc, we obtain: 


P'(a)é = —ke. 


If F’(O) < 0, ie. the characteristic of friction is decreasing, the 
equilibrium state is unstable. Consequently, the system cannot 
remain at rest in this state. Furthermore, if in the regions where the 
velocity £ has a finite value, /’’(z) tends to zero, the acceleration < 
tends to infinity, i.e. the system leaves the phase where mz can be 
neglected. Of course, according to our idealization, this result— 
unlimitedly large acceleration—is not contradictory as long as we 
neglected the mass, because in the absence of mass we may admit that 
the velocity changes abruptly. Thus, in our idealized scheme, the 
limits of the first region are defined by the state of the system where 
F(z) =O and é = ». 

In the second phase where accelcrations are large, it becomes 
impossible to neglect the mass. The velocity changes very rapidly 
during very short periods of time, while the coordinate x changes very 
little. Moreover, the time necessary to traverse this phase is very 
small compared to the time required for the first phase. Conse- 
quently, the second phase has little effect on the character of the 
oscillatory process and does not change appreciably its period (time is 
short), its “‘amplitude” (the variation of the coordinate is very small), 
and its form (the derivative changes very rapidly during a very short 
period of timc). Thus in an oscillatory process one may disregard 
the second phase, and determine by some Jump condition the final state 
which the system reaches after having passed it. 

To illustrate the preceding generalities we will discuss at length 
a system which is in substance a much simplified Prony brake. A 
block of small mass m fastened to a fixed frame by a spring rests upon 
a uniformly revolving shaft. The oscillations which we shall find 
are, in fact, observed in Prony brakes in practice. Neglecting the 
moment of inertia of the block, its equation of motion is 


(14) rF[(Q — ¢)r] = ko 


where * is the spring constant (couple required to rotate the block by 
an angle unity), 2 the angular velocity of the shaft, ¢ the absolute 
angular velocity of the block, r the radius of the block, F(v) a function 
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representing the dependence of the frictional force upon the relative 
velocity v= 7r(Q2 — ¢). A schematical characteristic of friction is 
shown in Fig. 144. The relative velocity is represented along the 
horizontal axis, and consequently v = 0 corresponds to joint motion 
of the block and shaft, while v = vo = rQ corresponds to ¢ = 0, 1.e. to 
the block at rest. At the left of the vertical v = rQ = vo les the 
region where the block moves in the same direction as the shaft and at 
the right the region where the block moves in the direction opposite to 
that of the shaft. Since a stationary motion of the block with constant 
velocity is ruled out, ¢ = 01s the only equilibrium state. 

In order to investigate this characteristic from the point of view 
of the questions we are interested in, it is necessary to keep in mind the 
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following circumstance often mentioned before: as long as the relative 
velocity is nil, the frictional force can have any value below the value 
Fo corresponding to friction at rest. In fact, if v = 0 the block is at 
rest with respect to the shaft until the moment A¢@ = For, i.e. when 
v = 0 any force k¢@ < For is balanced by the frictional force. This 
means that, when v = 0, the frictional force can have any value 
F < Fo, i.e. the characteristic of friction has a vertical branch (the 
heavy line in Fig. 144) coinciding with the vertical axis from F = 0 
to f’o. The role of this vertical branch will become clear below. 

From the relation (14) we infer that the graph of F[r(Q — ¢)] 
against v, in Fig. 144, represents also in a suitable scale the graph of 
rd against rQ — rg, 1.e. as measured from the vertical axis rQ 
the path in the sense of §1. The direction of motion of the repre- 
sentative point on the curve is given by the sign of ¢. To determine 
it we differentiate (14) and obtain: : 


(15) ke = —r?F[(Q — $)r]¢. 
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Consequently, if F’ > 0, ¢ and ¢ are of opposite sign, while if F’ < 0 
they are of the same sign. If, furthermore, we take into account 
that ¢@ changes its sign when passing through zero, i.e. when v = 9, 
the direction of motion of the representative point will be as indicated 
by the arrows in Fig. 144. If the angular velocity of the shaft is so 
small that vo is situated on the dropping portion of the characteristic, 
i.e. F’(rQ) < 0 (Fig. 144), the equilibrium state ¢ = 0 (block at rest) is 
unstable. If on the contrary 2 is so high that vo is on the ascending 
portion of the characteristic; F’(r2) > 0 (Fig. 145) and the equilibrium 
state ¢ = Ois stable. In both cases, when ¢ is sufficiently large, the 
representative point moves in the direction of small ¢. 
From the relation 


_ Tae 
F'[r(Q — $)]} 


we see that, as the representative point tends to the minimum or 
maximum position on the curve, i.e. the points where F’ = 0, the 
acceleration — ©. ‘This means that the system goes into a situation 
where the inertial couple I¢ ceases to be negligible and the representa- 
tion by the differential equation of the first order (14) is inadequate. 
This is where we will expect to apply a ‘condition of jump” with a 
discontinuity in the velocity but not in the angle ¢ itself. That 
is to say, the representative point will undergo a rapid horizontal 
displacement 

From the frictional characteristic one may readily show that the 
block undergoes a periodic motion when F’(rQ) < Oasin Fig. 146. At 
the beginning the block is caught by the shaft and moves together with 
it uniformly with a velocity 2. This stretches the spring, while the 
frictional force increases, remaining all the time equal to the spring 
tension. The relative velocity is then equal to zero. The representa- 
tive point in the phase plane describes the segment AB with constant 
phase velocity. When the moment /¢ becomes equal to the moment 
of frictional force at rest, an abrupt change of velocity occurs, the value 
and the direction of the velocity change, while the elongation of the 
spring remains constant. 

In practice the spring is a little compressed during the “Jump” 
because the jump is not instantaneous; the smaller the moment of 
inertia of the block, the smaller the compression of the spring. The 
order of magnitude of the variation of the coordinate ¢ accompanying 
the jump may be calculated as follows. Since the system has a certain 
moment of inertia which can be computed, the variation of the kinetic 


d a=k/r > 0, 
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energy relative to the change in velocity can also be calculated. If 
we calculate the amount of kinetic energy received by the system dur- 
ing the velocity ‘‘Jump”’ and assume that the system obtains all this 
energy from the loss of energy of the spring, we can determine the 
maximum possible compression of the spring accompanying the 
velocity ‘jump.’ Inthe system under investigation this compression 
can be made very small. Therefore, we may assume that the coordi- 
nate ¢ remains constant during the abrupt change of velocity. Conse- 
quently, the spring force and the frictional force remain constant (more 
precisely, almost constant) and the representative point Jumps along 
the horizontal from B to C, which corresponds to the same value of 
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frictional force, i.e. F(ve) = F(O) = Fo. Afterwards the variation of 
the velocity and of the coordinate is continuous; the motion js then 
defined by (14) and it proceeds along the arc CO in the direction of the 
minimum point. If the velocity of the shaft were such that F’(rQ) > 0, 
then vo = rQ would be situated on the ascending portion of the char- 
acteristic (Fig. 145) and the equilibrium state would be stable. The 
representative point, after reaching it, would remain there. If Q 1s 
such that F’(r2) < 0 (Fig. 146), the motion reaches the point v1 where 
F = F,; and F’(v;) = 0. From this point the velocity Jumps again 
to the point A of the vertical portion AB of the characteristic corre- 
sponding to Fis, the coordinate remaining constant. Then the motion 
repeats itself; the block undergoes self-oscillations. Thus F’(r)-< 0 
is the condition of excitation of these self-oscillations. . If this condition 
is fulfilled, the block experiences relaxation oscillations. 
The amplitude of the oscillations is 
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To calculate the period it is necessary to know the time required to 
describe the segment AB and the arc CO. As to the portions from B 
to C and from O to A, theoretically the motion there is instantaneous 
and practically it is so rapid that it does not affect appreciably the 
period. Since ¢ = 2 along AB, the time required to describe it is 


Q pg fo — Fmia). 
The time 72 required to describe CO is obtained by integrating (15), 
which yields 
2 fe P' r(Q — ¢ 
ee | eS ag 
? er 


Thus when one knows the graphical representation of F[r(Q — ¢)], one 


ae t 
Fia. 147. Fia. 148. 
may obtain 7’, by graphical integration of the function F’[r(Q — ¢)]/¢. 
The period is T = 7, + To. 

As we have said before, the velocity actually does not change 
abruptly because the system does have a certain moment of inertia. 
Consequently, the ‘‘jump”’ of velocity is accompanied not by an unlim- 
itedly great acceleration but by a great but limited acceleration. The 
product J¢ plays a substantial role during this phase, and the equality 
between k@ and rF[r(Q — ¢)] is upset since ¢ remains almost constant 
while F[r(Q — ¢)] passes through all successive values. If, however, 
one adds to these two forces the inertial force, then all the forces acting 
upon the system will again balance. 

The lines representing the jumps (dotted lines) in the phase plane 
will be curved lines. If the moment of inertia is sufficiently small and 
the moments of the spring force and friction sufficiently large, this 
curvature is practically unnoticeable. The character of the proc- 


ess changes substantially when the moment of inertia of the block 
increases. Experimental curves corresponding to the oscillations of 
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the block for different moments of inertia are represented by Figs. 147 
and 148. When the moment of inertia increases and the spring force 
decreases further, one obtains oscillations more and more nearly 
harmonic and the ‘relaxation pendulum” becomes Froude’s pendulum, 
i.e. a self-oscillatory system whose description requires two equations 
of the first order. The diagram in the phase plane (Fig. 149) corre- 
sponding to the curve relative to the first case shown in Fig. 147 is 
substantially different from the diagram of Fig. 150 corresponding 
to the oscillations of Fig. 148. One can see that when the moment of 
inertia becomes large, the velocity jumps disappear. 


v 


Fig. 149. Fra. 150. 


If the characteristic of friction did not rise, after the minimum, 
up to the value Fo, the velocity would not be able to change abruptly 
as the coordinate ¢ remained constant. In this case the change of the 
coordinate and the decrease of the spring force would take place simul- 
taneously with the change of velocity, i.e. the representative point 
would move not along a horizontal line but along a curve inclined 
downwards, as in the case of large moments of inertia. This motion 
would continue until the representative point reached the ascending 
branch of the characteristic of friction, when (14) would become again 
valid and the process would continue as described before. The 
‘frictional force’”’ plays an important role in this transient motion, 
until the representative point reaches again the characteristic of fric- 
tion, because the equality between the frictional force and the spring 
force is disrupted, giving rise to a large acceleration and an inertial 
force compensating the inequality between the frictional force and the 
spring force. In other words, if the frictional characteristic does not 
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ascend to the value Fo after the minimum, our idealization cannot be 
applied; for if we neglect the mass of the block, we cannot determine 
the point C of the ascending portion of the characteristic which the 
representative point is to reach after the ‘‘jump.”’ 

If we neglect the mass, we are also unable to determine the manner 
in which the representative point reaches the phase curve if it is not 
situated on it at the initial moment, 1.e. if the initial conditions are in 
conflict with the equation describing the system. The condition of 
jump, which in the case of linear systems settles this question, fails 
here. For example, if the system is situated at the initial moment 
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at the point 1, it can jump to the points 2, 3, or 4 and still satisfy the 
condition of jump. The significance of this has already been pointed 
out in §1. 


S9. RELAXATION OSCILLATIONS, CIRCUIT WITH A NEON TUBE 


We shall now investigate the oscillations occurring under certain 
conditions in a circuit containing a neon tube N connected to a battery 
E through an ohmic resistance R, and a shunted capacitance C. 
In the discussion we shall neglect the stray inductance and capacitance 
of different elements of the circuit. Asa consequence we shall have a 
degenerate system described by one non-linear differential equation 
of the first order. The non-linearity is caused by the neon tube, for 
which the relation between the voltage v and the current 2 is not 
determined by Ohm’s law but by a more complicated non-linear 
relation resembling hysteresis. As far as we are concerned the most 
typical traits of the neon tube are the following. When the voltage is 
small, the current cannot pass through the tube. In order to start 
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the current one requires a certain firing voltage v,. Then a current 
of a certain intensity 2; 1s established instantaneously. When the 
voltage increases further, the intensity increases according to an almost 
linear law. When the voltage decreases from the side of large 7, it 
may actually go below 14,; the tube remains conducting when the 
voltage decreases even further, the current in the tube gradually 
decreases, and finally it goes out instantaneousls for a certain voltage 
v» and intensity 22, where tz < v, and 22 < 2,;. All these traits of the 
neon tube are very definite; we can describe them by means of the 
characteristic 2 = ¢(v) represented in Fig. 153. In fact, if we vary 
the voltage v on the plates of the tube in the region of small v, the tube 
will not fire while vy < 4, 1.e. no current will be passing through the 
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tube. The tube will fire when v = v, and a current 2; will be estab- 
lished instantaneously (we are assuming that the circuit is without 
inductance and therefore the current can change abruptly). Con- 
versely, when the voltage decreases, the tube goes out immediately 
when v = ve (since when v < vz it cannot conduct) and the intensity 
of the current will immediately drop to zero. Of course, every circuit 
has inductance and therefore the current cannot change abruptly 
either in the exterior circuit or in the tube itself. However if one 
neglects the inductance of the circuit, one may assume that the 
current changes abruptly, 1.e. as shown by the arrows in Fig. 153. 

The lower portion of the characteristic ‘“‘in front’’ of which the 
representative point passes when we change the voltage on the plates 
of the tube does not exist in a static regime. This portion of the 
characteristic, however, has a quite definite significance and affects 
the behavior of the system in certain cases. The characteristic 
represented in Fig. 153 coincides, in its basic traits, with those obtained 
experimentally. 
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Let £ denote the voltage of the battery, v the voltage on the plates 
of the capacitor, 2 the current in the tube, and J the current in the 
capacitor circuit (Fig. 152). Applying Kirchhoff’s law and neglecting 
the internal resistance of the battery, we obtain: 


RG+D+v=E8, I=C. 


If we eliminate J from both equations and replace 7 by ¢(v), we obtain 
for v the following non-linear differential equation of the first order: 


(16) v= f(v) = ae (EF — v — Ro(v)). 


The equilibrium state of the system is determined by the condition 
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f(v) = 0, 1.e. by the equation 
7 (E — v) = o(v) 
R ) 


In order to obtain the roots of this equation we construct the graphs 
z= ¢(v) and z= (Ff — v)/R and find their intersection. We shall 
limit our investigation to the case & > 1, 1.e. when the voltage on 
the battery exceeds the voltage necessary to fire the tube. Then 
there exists only one intersection point of the curve z = ¢(v) and the 
straight line z = (Ff — v)/R; the position of this intersection on the 
characteristic depends upon the values of the parameters /& and A. 
(See Fig. 154.) The stability of this equilibrium state is determined, 
as we know, by the sign of the function f(v), or, what is the same, by 
the sign of # in the vicinity of equilibrium. It is easy to see that all the 
equilibrium states situated on the upper part of the characteristic are 
stable and those situated on the lower part are unstable. Conse- 
quently, for every value of # (where & > v1) we can, by increasing R, 
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pass from stable to unstable equilibrium; the higher the value of E,the 
higher must be the critical resistance /t. for which the intersection 
point passes onto the lower portion of the characteristic where equi- 
librium becomes unstable. 

It is convenient to take as the pathz = ¢(v) itself. The direction of 
motion of the representative point along the curve is determined by 
the sign of # and is represented by arrows on Fig. 155. By means of 
the curve it is easy to follow the motion of the system in various cases. 
When ? is sufficiently small and equilibrium is stable, the tube fires 
immediately upon being connected to the plates of the capacitor and 
after that the voltage on the tube and the current through it will 
start to decrease. The velocity of this change of voltage on the plates 
is determined by the parameters of the arrangement, but in any case 
it. is always finite. The voltage on the plates will continue to drop 
until it reaches the equilibrium state (O in Fig. 155) in which the system 
will remain; the tube will merely conduct. If, however, F is so large 
that the equilibrium is unstable, the system cannot reach this unstable 
equilibrium state. As long as this unstable equilibrium is the only 
one available, we have sufficient ground to assume that the stationary 
state of the system is a periodic process. 

First of all, the following question arises: Is the periodic solution 
compatible with the cquation of the first order (16)? This equation, 
as we know, may admit continuous periodic solutions for v only 
when the function f(v) or equivalently ¢(v) is not single-valued. 
Furthermore, the voltage v on the plate of the capacitor determines 
the energy of the system and according to our basic postulate ($1) it 
cannot change abruptly. Consequently, discontinuous periodic solu- 
tions are in gencral impossible for v. Therefore, the necessary condi- 
tion for the existence of periodic motion in the system is that the 
function ¢(v) must not be single-valued. The characteristic of the 
neon tube shows that this condition is fulfilled. To every value of 
the argument v between v,.and v2 (for example, v’ in Fig. 153) there 
correspond tivo values 2’,2’’ of 7. Therefore, the system may admit 
oscillations corresponding to a continuous variation of v. As to 2, 
l.e. the current in the circuit, it may change abruptly since the 
current is not associated with the energy of the system and therefore 
t can become infinite. 

Let us determine the state in which 7 = ©. Since 7 = ¢(v) we 
have 


= = b= 9'(v)f(0). 
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Since the function f(v) remains finite when v remains finite, 1 = © 
only when ¢’(v) either does not exist or else ceases to be continuous, 
i.e. at the points 42; and M, of the characteristic. At these points 
the current can change abruptly; this abrupt change (jump) represents 
the only possibility that the representative point has to leave the 
position into which it comes when it moves along the path from M, to 
M,. Since an abrupt change of the current is possible (¢ = ~), we 
may assume that a Jump actually takes place. The condition of jump 
allows us to determine the state into which the system comes. Since 
the voltage on the plates of the capacitor cannot change abruptly, the 
jumps must take place along the 7-axis, i.e. as indicated by the arrows 
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of Fig. 157. It is easy to see that the condition of Jump uniquely 
determines the final state into which the system comes after the jump. 

Thus equation (16) together with the condition of }ump completely 
determines the behavior of the system. The motion of the representa- 
tive point along the path shows that, when # > v, and the resistance 7 
is sufficiently great, i.e. when the unique equilibrium state 1s unstable, 
the system experiences periodic motion (Fig. 157). In fact, after the 
tube first fires (for FE 2 v;), the current starts to drop and the velocity 
of this drop of current depends upon the parameters of the scheme. 
The representative point describes the arc AB of the characteristic (the 
capacitor is discharged through the tube). At the point B the current 
changes abruptly; it drops from 72 to zero and the tube goes out. After 
that the voltage across the capacitor and on the tube will start to 
increase—segment C'D—likewise with a finite velocity depending on 
the magnitude of C and FR (the capacitor is charged while the tube 1s 
out). When the voltage reaches the value v1, the tube fires again and 
the current increases abruptly and becomes equal to 2;. Then the 
process repeats itself and an oscillation is established. To the periodic 
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process there will correspond in the phase plane (v,2z) a “closed”? path 
consisting of two portions of the curve along which the representative 
point moves With a finite velocity; the extremities of these portions 
of the curves are ‘‘connected’’ by the jumps. The form of the oscilla- 
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tions, i.e. the form of the curves v(¢), 7(¢), and J(¢) is shown in Fig. 158. 
The forms of the portions at the beginning, before the periodic process 
is established, depend on the initial conditions. 

As in the mechanical example, the initial conditions are not gener- 
ally sufficient to determine the system (§1). Thus if the initial point 
is specified as A in Fig. 159, so that we have given vo and 70 at the 
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beginning, the system may conceivably Jump either to 7’ or to 7”. 
Here again the neglected parasitic elements will determine what 
happens at the outset. Our idealization is only valid when the initial 
conditions are such that at the beginning of the process the representa- 
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tive point is on the path or on the v-axis (when 7%) = 0). It is only 
then that we may determine the manner in which the periodic process 
is established. Thus if at the initial moment vp = FE, 4) = 0 (i.e. the 
circuit is closed by using the switch Bz in Fig. 160), the periodic motion 
will start as shown in Fig. 161. On the other hand if initially vp = 79 
= 0 (closing by the switch B,) the performance is in accordance with 


V 
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Fig. 162. After the system has reached a state compatible with the 
equation describing the system, further motion is uniquely determined 
by an equation of the first order together with the condition of jump. 

We have found the qualitative features of the self-oscillations in 
the circuit containing a neon tube. In order to determine their 
quantitative characteristics we require the form of the nonlinear 
function ¢(v). A very convenient approximation is to replace the 
graph of ¢(v) by a broken line. This highly idealized characteristic 
still retains the fundamental traits of the real characteristic emphasized 


Fia. 163. 


earher, and consequently preserves the main properties of the neon 
tube. One analytic expression cannot cover the totality of this 
characteristic, and we have to proceed as we have done when examining 
discontinuous characteristics. Namely, we divide the whole region 
of possible motions into portions and for each of these portions we 
write an equation which is obtained for this portion. The investiga- 
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tion of the dropping portion “in front” of which passes the representa- 
tive point (represented by a dotted line) can be omitted. The two 
other portions of the characteristic can be covered correspondingly by 
the equations: 


l. 1 = d(v) = 0 when the tube is non-condueting, 
: CoE 5 ; ‘ 
2,.91= d4(r) = = when the tube is conducting. 
Let us start our investigation from the moment when the tube is 
non-conducting, 1.e. when the first equation is valid, and when ¢ = ts. 
We obtain for the first portion 


RCt+r= ELE. 


Since the initial condition is e = te when ¢ = 0, the solution is 


—f 


(17) b= E — (E — e)eRe. 


When the voltage on the plates of the capacitor reaehes the value tq, 
the tube will fire and the current flowing through the tube will change 
abruptly. The current in the capacitance circuit will also change 
abruptly but in sueh a way that RU + ¢) and the voltage on the plates 
of the capacitor remain constant. 

The initial value of ¢ corresponding to the new equation which 
becomes valid after the tube has fired ts the value ey for which the tube 
fires. After the firing the second equation of the characteristic 
becomes valid and the equation of motion is 


R 
(18) RCét + R. (i —ro) te = EE. 
Setting 
_ RR 
"RAR; 


the equation reduces to 
cE t'o 
Ce+-=—-+—-. 
p RR; 


The solution of this equation for the initial condittons r = r; for? = 0 


' ’ ‘ : . a8 
(19) Pe Eee (Go F) 
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To calculate the period we may utilize the representations of v(t) by 
(17) and (19) as follows. From (17) we find the time 7; to charge the 
capacitor from v2 to v1 by substituting » = v, and taking logarithms. 
Thus 


io; ane 
T, = RC log = - 
a 1 


Similarly from (19), setting v = ve, we find the time to discharge the 
capacitor from v; to v2 as equal to 


(v1 — »)R — (BF -— o)hy 


T. = pCU'l = : 
. ‘ me (vo — vo) = ez = vo) Ry 


The period is then 7 = 7, + T2. Onee we have 7' we may utilize the 
expressions (17) and (19), the first from 0 to 7; and the second from 
T, to T, to expand v(t) in Fourier series and thus have the spectral 
composition of the oscillations. «As in all oscillations with a disconti- 
nuity of some sort the form 1s quite remote from the harmonic type, and 
this property is susceptible of wide applications in engineering. 


$10. RELAXATION OSCILLATIONS, CIRCUIT CONTAINING A VACUUM 
TUBE 


The so-called multivibrators provide another exarnple of electrical 
self-oscillatory systems inducing relaxation oscillations. We have in 


oy i} Ty pu 
eae 1 


Fro. 164. 


mind vaeuurn tube circuits without inductance or without capacitance. 
The simplest seheme of the first kind is represented in Fig. 164. We 
have examined similar schemes before. The second tube Ty in this 
scheme, as in other analogous schernes, serves only to provide the 
necessary sign for the voltage fed back by reversing the phase of the 
applied voltage. Therefore, as before, we shall assume that the char- 
acteristic of the tube Ty, is linear and that the coefficient of armplifica- 
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tion given by this tube is a constant Az. In practice this can be 
achieved by choosing an appropriate tube Ty whose saturation voltage 
is appreciably higher than the maximum voltage which can take place 
on the resistance r, We have then eg = ert. Let the characteristic 
of the tube T, be Ja = $¢(e,) where ¢ need not be specified for the 
present. Neglecting the reaction on the plate and the grid currents 
and transferring the origin of the coordinates to the point J» where Io 
is the constant component of the plate current of the tube T;, we may 
describe the scheme under investigation by the following equations: 


(20) (7+ R)t +o = Ro(here), 
(21) . Co = 1. 


Differentiating the first equation and eliminating d, we obtain one dif- 
ferential equation of the first order: 

, :. 4 
(22) [koro (kort) — (R + r)jt = o 
To determine the periodic solutions one must make certain assump- 
tions regarding the function ¢(e,). Weassumce that it has the ordinary 


Z z= (Ree)i | 
z2=Re(kari) 


z= Ro(kgri)- (Rte) 
Fie. 165. 


form and that the operating point (2 = 0) corresponds to the maximum 
grid plate transconductance gn, 1.e. that ¢’(0) = gn. In this case the 
equilibrium state 7 = 0 is unstable if 


(23) korg, > R +1, 


for, according to (22), 7 and 2 have the same sign at the point i = 0. 
The function v(2), defined by (20): 


(24) viz) = Réo(hert) — (R + 7r)t 
can be represented by the graph of Fig. 165. This figure corresponds 
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to the case where condition (23) is fulfilled. It is easy to see that in 
this case 2, 1.e. Cv, 1s not a single-valued function of v. If # were 
single-valued, the possibility of periodic motions would be entirely 
excluded. For v is the voltage across C and consequently solutions 


Fic. 166. 


discontinuous in v are ruled out by our postulate. The function 
,c= hor’ (kort), 


as well as the function z = (Rk +7), is represented in Fig. 166, again 
for the case when the condition (23) is fulfilled. The graph shows that 
Pi) = kerRo' (kort) — (Ft +7) is a single-valued function of 7, and 
therefore 7 is uniquely determined from 


(25) P(i)t = -. 


Thus, continuous periodic solutions are impossible for 71, but 7 can 
change abruptly (since the circuit has no inductance) and one may have 
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discontinuous periodic solutions. To find them we shall first examine 
the graph in the (v,7) plane. We can consider the curve defined by 
(24) in Fig. 165 as the path of our system. The representative point 
moves along this curve with finite velocity. The direction of its 
motion along the curve is determined by the sign of 2, i.e. by the sign 
of P(z) in (25), and is shown by arrows in Fig. 167. <At the points 
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where P(2) = 0, ic. at the extreme points of the curve, 7 = © and 
consequently at these points a jump is possible. <As in the previous 
case, these points do not correspond to the equilibrium state, although 
the representative point moves toward them on both sides. During 
the jump, v must remain constant; and the position to which the point 
jumps is uniquely determined by the condition of Jump, since it asserts 
that the jump must be parallel to the z-axis (dotted arrows in ig. 167). 
After the jump, the representative point moves again along the curve 
in the direction represented by the arrows. It is easy to see that the 
representative point will return to its initial position and that conse- 
quently the system experiences a periodic process. | 

The oscillations which are established in the system consist of two 
continuous motions, from zz to 73 and from 7% to 71, and of two jumps 


Vv 
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from 2; to 22 and from 23 to 24. To the periodic motion there corre- 
sponds a ‘‘closed’”’ path consisting of two ares of the v,2 curve, whose 
extremities are ‘‘connected”’ by the Jumps. ‘The form of the oscilla- 
tions, i.e. the form of the function 7 = ¢(¢) is shown in Fig. 168. 
Thus, the periodic process in the system is uniquely defined. 
However, here, as in the two preceding examples, We are not in a posi- 
tion to tell how the oscillations are started. For example if the initial 
position is (20,%) in Fig. 169, then the representative point is equally 
justified in Jumping to (21,00), (22,¥0) or (23,00). The question can be 
settled either by a certain additional assumption or by txking into 
account one of the parameters that we have neglected, for example 
inductance, and investigating the appropriate system of two equations 
of the first order. In general, the presence of inductance causes the 
current to change gradually and not abruptly (although with high 
Velocity), the appearance of the e.m.f. of self-induction causes the 
voltage on the plates of the capacitor to change and therefore during 
the “Jump” the representative point will move along certain curves 
and not along straight lines parallel to the 7-axis. There results a 
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path such as in Fig. 170. Its form and the way in which the repre- 
sentative point reaches it, if it has not started on it, cannot be rigor- 
ously determined on the basis of our idealization. In the next chapter 


V 


Fig. 170. 


we shall give a rigorous, although only qualitative, answer to this 


question. 

It is easy to see that the position to which the representative point 
jumps at the initial moment affects the character of the motion only 
at the very beginning, and in fact usually it is unimportant. All the 


z= (R+ ryt 
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Fig. 171. 


other questions arising from the study of stationary motions can be 
dealt with, and we can calculate period and amplitude if we have an 
explicit expression for ¢(e,). In fact, from (25) we find 

Pi 
ow, 


di = dt 
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and hence for the period 


T= 2 Ne di a ie dt 


2 4 


This time again a broken-line approximation as in Fig. 171 yields a 
very satisfactory expression: 
21 ltr 
p= 2068 +1) tg (2H) 
EOL ag 
where J, and V, are the current and voltage atsaturation. ‘This expres- 
sion shows that the frequency of oscillations increases rapidly when 
the excitation limit is approached. ‘The relaxation oscillations of the 
present scheme are characterized by the fact that they always go much 


Hii] 11 


ii! 
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beyond the saturation voltage and so the form of the “‘exterior”’ 
portions of the characteristic substantially affects the process. There- 
fore it is not convenient to represent approximately the characteristic 
by a polynomial for which saturation is always followed by a dropping 
portion of the curve, whereas with relaxation oscillations the character- 
istics after saturation and before the appearance of the initial current 
are represented by a horizontal line. 

A self-oscillatory system without capacitance is represented in 
Fig. 172. Under the same conditions as previously, we obtain this 
time the following equation of the first order (¢ cannot Jump): 


(26) Lit (r+ R)i — Rob(keL1) = 0. 


Setting ¢ = y and differentiating this equation we obtain again an 
equation of the first order (here y can have Jumps): 


(27) L(l — kekto'(koby))y + (r + f)y = 0. 


These equations are analogous to equations (22) and (24) examined 
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before. One of these equations (26) defines 2 as a non-single-valued 
function of 2 and admits continuous solutions for 7. Equation (27) 
defines y in single-valued manner, but the system admits discontinuous 
solutions for y. Asin the previous case, we can find periodic solutions 
continuous in 2 and discontinuous in 7. 

Finally, the scheme of Fig. 173 represents a case where periodic 
motion cannot take place in a system described by non-linear equations 
of the first order. Making the same assumption as before with regard 
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to the characteristic and neglecting the current in the circuit and the 
plate reaction, we find 


(28) Lidb(keRt) = (L, + L2)t + Ri 
Or 

ene 
(29) (2 2P (A 2h) i ) C= Ly t. 


If Rk2d’ (0) — (LZ, + Le)/L,] > 0, the unique equilibrium state is 
unstable and the system leaves it. Since (29) determines 7 as a single- 
valued function of 7, continuous solutions are impossible forz. On the 
other hand, the presence of inductance rules out discontinuous solu- 
tions for z. Thus, if the equilibrium state is unstable, the system 
leaves it with an aperiodic motion and passes into regions where it 
cannot be described by (28), for example into the region where, due to 
the e.m.f. of self-induction, the resulting plate voltage is distinctly 
different from the static voltage and therefore the effect of this voltage 
on the intensity of the plate current has to be taken into account. 
In fact, if we take into consideration the reaction on the plate, we 
arrive at an equation of the second order which admits continuous 
periodic solutions. 
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$11. VOLTAIC ARC IN PARALLEL WITH CAPACITANCE 
We will conclude with an electrical svstem with several states 
of equilibrium. in which periodic oscillations cannot take place. This 
example will illustrate even more clearly the assumptions regarding 
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the possibility and the necessity of Jumps, stated in the preceding 
chapters. The system consists of a voltaic arc connected in parallel 
with a capacitance C and a resistance R. Let 7 = d(r) be the non- 
linear relation between the voltage v applied to the are and the current 
tin the arc. This “characteristic of the arc” is shown in Fig. 175. 


Fic. 175. 


Designating the current in the circuit containing capacitance by J, we 
obtain by Kirchhof?’s law: 


R[é(v) + JJ tv =E, I = Cz. 
Eliminating J, we have one non-linear differential equation of the first 
order: 
E—v — Rod(v) 


Pe aa 
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Where the function f(v) is not single-valued. The equilibrium state is 
defined by the condition f(v) = 0 or by E —v — Rd(v) = 0. In 
order to find the roots of this equation we draw the curve Z = ¢(v) 
and the straight line Z = (E£ — v)/R and find their intersection points 
(Fig. 175). We shall first investigate the case where the R is such 
that there are three equilibrium states (three intersection points of 
the curve and the line). By subtracting the ordinates of the curve 
from those of the line we obtain the graph of f(v) (Fig. 176). We can 
take the curve ¢(v) or, better, the curve f(v) as the path. The direc- 
tion of motion of the representative point along the curve f(v) is shown 


f (v) 
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by the arrows in Fig. 176. It is governed by the sign of 6 = f(v). 
That is: when f(v) > 0 the point moves towards large v, and when 
f(v) <0 the point moves toward small v. We can see immediately 
that the points 1 and 2 are stable and the point 3 unstable. Since 
1= d= ¢'(v)b = o'(v)f(v), at the point where ¢’(v) = +x (at the 
same point f’(v) = +x, since —1 — Rd’(v) = RCS (v)) the current 
changes, or, what is the same, the vertical component of the velocity 
of the representative point on the path also goes to infinity. Conse- 
quently the point M on Figs. 175 and 176 is the point of unlimited 
acceleration. However, a jump out of the point of unlimited accelera- 
tion M is altogether impossible because to one value of v there corre- 
sponds only one value of #; consequently the condition of jump cannot 
be satisfied. Although f(v) is a non-single-valued function of v, the 
function is such that periodic motions are impossible. This is quite 
natural since the non-single-valuedness of the function f(v) is only 
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necessary but not sufficient for the existence of continuous periodic 
solutions for the equation ? = f(r). 

When R increases, the straight line Z = (E — v)/R turns counter- 
clockwise around the intersection point with the horizontal ants, the 
two neighboring equilibrium states (the stable and the unstable) 
approach each other and finally coincide. The direction of motion 
of the representative point is then shown m Fig. 177. 

It is necessary to keep in mind that there is a limit to the magnitude 
of the current through the arc. When the current increases greatly, 
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the characteristic of the arc adopted by us becomes incorrect m the 
sense that it does not reflect the properties of the are for a very high 
current. Let us assume that the resistance of the are again becomes 
positive when the current ¢ is very high, i.c. 0 << 0. From the point 
Af, a jump Is not only possible but inevitable; the representative pomt 
jumps to the point A on another branch and the arc 1s extinguished. 
After that the capacitor is being charged again until the voltage on its 
plates reaches the value v; for which the arc fires. Then the repre- 
sentative point moves toward the unique stable equilibrium state and 
will stop there. As in the case of a mechanical system examined 
before, the system experiences a Juinp which takes it to a stable 
equilibrium state mstead of generating a periodic motion. 

Regarding the location of equilibrium states and that of the points 
of unlimited acceleration on the path, we may say the following: the 
direction of motion of the representative point changes only either at 
equilibrium states (where 6 and 6 change their sign) or at points of 
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unlimited acceleration (where only 6 changes its sign). Conscquently 
the equilibrium states and the points of unlimited acceleration are 
always so situated that the stable points alternate with the unstable. 
The ‘‘stable’’ and “unstable” points can be either equilibrium states 
or points of unlimited acceleration. Thus, in the example just cxam- 
ined, between two stable equilibrium states there is one ‘‘unstable”’ 
point of unlimited acceleration. We must remember that the points 
of unlimited acceleration were obtained as a result of idealization— 
neglecting the mass or the inductance. If we take into account the 
mass or inductance, these points of unlimited acceleration disappear 
while the equilibrium states remain. This does not cause any diffi- 
culty since we have then an equation of the second order and the 
representative point can then move over the entire phase plane. The 
investigation of systems described by equations of the second order 
enables us to show more precisely that, when one of the oscillating 
parameters tends to zero, the motion over the phase plane goes into a 
more special motion along the only remaining path. Let us note that 
when degeneracy takes place, the equilibrium states may remain 
but their character may change. For example, unstable equilibrium 
states can become stable. All the questions relative to the passage 
from a more general case to a particular degenerate one will be exam- 
ined in Chap. VII. 


CHAPTER V 
Dynamical Systems Described by Two 
Differential Equations of the First Order 


S1. INTRODUCTION 


In this chapter we turn our attention to autonomous dynamical 
systems represented by tivo equations of the first order 


(1) z=P(zy), y = Q(2,y). 


We have seen repeatedly how such systems arise and we shall now 
deal with their general theory. The term “autonomous’”’ refers to the 
fact that the right hand sides do not contain the time. In many cases 
the x,y plane is a phase plane and so we shall continue to call it that, 
and refer to the point J/(z,y) as the representative point of the system. 
The vector (?,Q) will be referred to as the velocity of A. 

Let us suppose that zx = f(8), y = g(t) is a solution or “motion.” 
Then whatever fixed r we have 


df(t +7) _ aft +7) _ P(f(t + 7),g(t + 7)) 


dtt+r7r) = di 
dgit+1)  dgt+r) _ 
dt+r) dt | Q(t + 7),g(t + 7)). 


Hence z = f(t +7), y = g(t +7) is hkewise a motion. It is evident 
however that the two motions are along the same curve y in the z,y 
plane, each describing it merely at different times. We refer to the 
curve y asa path. Our problem may be described as the investigation 
of phase portraits, i.e. of families of paths of systems (1). 

A simple example will clarify the distinction between motions and 
paths. Consider a railroad with a given line y between two cities. 
Let the railroad have a fixed daily schedule such that the same train, 
assimilated to a material point, describes the line y once every day. 
The motions are the trips made by the train and the line y 1s a path. 

Returning to our main question, the most salient features of the 
system (1) are: (a) the singular points, also called equilibrium points 
or states and they are the intersections of the curves P = 0, Q = 0 
(points of velocity zero), and (b) the isolated closed paths or limit- 
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cycles in Poinearé’s terminology which correspond to isolated periodic 
motions. 

There is manifestly no reason to expect systems (1) of arbitrary 
generality in the physical applications. Owing to this we shall only 
eonsider systems (1) in whieh P and Q are real polynomials without 
eommonfaetor. ‘This meansin particular that thecurves? = 0,Q = 0 
have only isolated interseetions. Cases may well arise in practice 
where this does not hold. Consider for instance a system 


t= P(x,y)R(x,y) 
(1a) | y = Q(ay)R(z,y) 


where P,Q are polynomials without eommon factor, and FR a poly- 
nomial or quotient of two polynomials. Introduce a new time 
variable 7 by dt = R dt, and consider the system 


ee 


dr 


Outside of the eurve & = 0, the two systems (la) and (lb) have the 
same paths, but the corresponding motions are not the same. One 
would replace (la) by (1b) and from the paths of (1b) deduce those 
of (la). The sense of description of the paths in (la) would have to 
be obtained directly from (la) itself but this would cause no difficulty. 
We shall therefore confine the theory to the case where the polynomials 
P and Q have no common factor. 

In practice all systems (1) are approximated and hence replaeed 
by the special systems in whieh P? and Q are polynomials. Thus 
as a general rule the polynomials P,Q are only approximations to 
eertain empirical expressions and their ecoefhicients are only known 
with a certain approximation. Whatever is significant must then 
remain unchanged when the coefficients vary slightly. We make 
therefore the very natural assumption that the qualitative nature 
of the phase portrait is unehanged under a small variation of the 
coefficients of the polynomials P,Q: the variation of each coefficient 
does not exceed in absolute value a certain positive «. We shall refer 
to this property as structural stability. As we shall see it has certain 
very definite simplifying consequences regarding singular points, limit- 
eyeles, and the limits of paths, whieh we shall take up as we come to 
them. 

Historically, the treatment of the behavior of the paths about the 
singular points is due to Poinearé and Liapounoff, the more complete 
treatment being Liapounoff’s. On the other hand Poincaré was the 


d 
(1b) Pay), 7 = Qay). 
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first to investigate the phase portrait, and most results and methods 
go back to him, although important complements are due to Bendix- 
son. The notion of structural stability (under another name) was 
introduced and thoroughly discussed, under much broader assumptions 
than we have made here, in a paper by Andronow and Pontrjagin.} 
We recall Cauchy’s existence theorem: together with its complements 
for analytic functions it asserts here that there exists a unique solution 


t= F(Xo0,Yo,t), y= g(X0,Yo,t) 


such that for t = 0 we have x = 20, y = Yo, and that f,g are analytic 
in all three arguments about x0,y0,0. Then 


x = f(Xo0,yo,t — to), Y = g(Xo,Yo,t — to) 
is the (unique) solution such that x = xo, y = yo fort = t. The two 
solutions just considered correspond to the same path y through 
the point AL (2x0,%0). 

Since P and Q are polynomials, the solutions in question may be 
extended indefinitelv for both > +0 andt——o,. We have thus 
two halves of paths separated by JAZ, the one resulting from the 
extension for increasing ¢ and the other from the extension for decreas- 
ing ¢ and they are referred to as positive half-path and negative half- 
path determined by AI, written y3;, yy. The two together, with Jf 
included, form the complete path y. 

As a consequence of the existence theorem we may state the follow- 
ing properties: 

I. Through every point of the plane there passcs one and only 
one path. That is to say, paths cannot cross one another. 

II, A singular point A(a,b) is evidently a path. We may refer to 
it as a point-path. By Ino other path than A itself may pass through 
A. Hence if an ordinary path y tends to A, through increasing time, 
it cannot reach it in a finite time. Similarly if y tends to A, through 
decreasing time, upon being described backwards it will not reach A 
in a finite time. This may be described more loosely as: a path may 
tend to a singular point A but never reach it. 


$2. LINEAR SYSTEMS 


We shall first discuss the simplest dynamical systems of type (1), 
namely those which, with an adequate idealization are represented by 
tivo linear equations 
(2) z= ax + by, y=cx+ dy, 
where a,b,c,d, are real constants. 

1 Comptes Rendus, Acad. Se. U.S.S.R., Vol. 14, 1937, pp. 247—250. 
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As we shall see the nature of the phase portrait is wholly governed 
by the nature of the roots S,,Se of the characteristic equation 


a—S, 6b _ 
C, = A ai 
or in expanded form 
(3) S?— (a+ d)S + ad — be = 0. 


We refer to S;,S2 as the characteristic roots. 

Without giving any details we may say here and now that if one 
of the following circumstances arises: one of the roots is zero, both 
are pure imaginary, or the two roots are equal, the paths behave in a 
qualitative manner which is distinct from what happens when these 
accidents do not occur, since each imposes a special relation upon the 
coefficients a,b,c,d. To take one of the cases: if the roots are imaginary 
their common real part is $(a +d). Hence they will be pure imagi- 
nary only ifa+d=0. Similarly for the other two special circum- 
stances. Now if we change ever so slightly the numbers a,b,c,d 
these special relations will cease to hold, and the portrait of the family 
of paths will have been changed. Since only systems with stable 
structure are to be admitted, we may rule out at the outset the three 
special cases. That is to say we may assume that Si,S2 are neither 
zero nor pure imaginary and that they are distinct. 

Since S.,S2 are distinct the general solution of the system may be 
obtained in the following way: 

I. Supposeb =c = 0. Then S; = a, Se = d and the system is in 
the so-called canonical form 


(4) L= Six, Yy = Sey 
whose general solution 1s 
(5) x = Cie", y = Ce5*, 


II. Suppose b and c not both zero. Let say b #0. Then we can 
solve for x in the form 


(6) e = Cye5* + Cres, 

and obtain y by substitution in the first equation (2) as 
(7) y = CykyeS" + Cokses*, 

8) oe ae 


b b 
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It may be observed that ki,/2 are the roots of the quadratic equation 
(9) bh? + (a —d)k —c = 0. 


It is obtained by noticing that if S is any characteristic root then the 
corresponding number ¢ is such that S = bk +a. By substituting 
this value for S in the characteristic equation (3) we obtain (9). 

We are particularly interested in the nature of the paths. It 
turns out that to investigate them adequately a very convenient 
process consists in changing coordinates. It will be recalled that a 
linear transformation of coordinates 


(10) &=ax-+ By, n= yx + by 


has merely the effect of distorting figures, replacing for instance a 
family of concentric circles by a family of similar concentric ellipses 
(with the same axes of symmetry). Thus the general aspect of the 
characteristics may equally well be obtained by means of the £&y 
coordinates, i.e. relatively to the £,7 plane. Let us endeavor in par- 
ticular to find a transformation (10) such that in the new coordinates 
the system will be in the canonical form (4), 1.e. that 


(11) 3 = Sif, 7 a Son, 


where for the present S; and S2 are merely some constants. Differ- 
entiating the transformation formulae (10), we find 


Psat + By, 9 = yet ay. 
Hence if (11) is to hold we must have identically 


(12) | Si(axr + By) = a(ax + by) + B(cx + dy), 
Se(yx + by) = y(ax + by) + S(cx + dy). 


By comparing the coefficients of z and y on both sides we obtain two 
pairs of equations linear and homogeneous in a,f in the first pair and 
in y,6 in the second: 


a(a — S:) + Be = 0 
_ erence 
y(a — Se) + & =0 
— Be ae 


These equations will yield for (a,8) and (7,5) solutions which are not 
both zero when and only when the determinants of the coefficients are 
zero, i.e. When and only when S,; and S:2 are the roots of the equation: 


S? — (a + d)S + (ad — bc) = 0, 


£2] LINEAR SYSTEMS 187 


1.e. roots of the characteristic equation. Each pair of equations (13) 
determines only the ratio of the unknowns. The first pair determines 
a/3 andthe second 7/6. Since, according to our assumptions S; # Sa, 
these ratios can be chosen to be different, and consequently, the 
determinant 

a p 

Y ‘ 


will not be zero. Hence one may solve equations (10) for x and y 
and consequently we have a one-to-one transformation. Thus we can 
see that in the non-degenerate cases it is always possible to transform 
our system into canonical form. Let us examine the different possible 
cases. 

1. The roots S, and S. are real and of the same sign. ‘Then the 
transformation coefficients are real and we have a mapping from a 
real plane (z,y) to a real plane (¢,7). In the transformed phase plane 
(11) holds so that it is easily dealt with. We will then have to interpret 
the results obtained for the initial (z,y)-plane. Dividing one canonical 
equation by the other we have: 


which by integration yields 


n= Ce, m= = 


Since S; and S» have the same sign, 7 > 0, and the curves are of 
parabolic tvpe. If m > 1, the paths are all (except the curve C = « 
corresponding to the 7 axis) tangent to the é axis (Fig. 179). If 
m <1, the paths are all (except the curve C = 0, corresponding to the 
£ axis) tangent to the 7 axis (Fig. 180). The origin is the singular 
point, and it is a node. 

It is easy to determine the direction of motions in the phase plane. 
If S; and S» are negative, then by (11), and 7 decrease with time. As 
t increases the representative point approaches the origin without 
ever reaching it. We have, therefore, a stable node. If Si and S» 
are positive, € and 7 will increase with time. The representative 
point departs from the origin and we have an unstable node. Let us 
now return to the (z.y)-plane. As we know, the phase portrait does 
not change, but the tangents to the parabolic curves at the singular 
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point will no longer coincide with the coordinate axes. It becomes 
then of interest to determine their direction. In the (£,7)-plane these 
tangents were represented by the axes and therefore, we must deter- 
mine the straight lines in the (z,y)-plane corresponding to the straight 


\ 


a 
Fig. 179. 
1 
e 
“a 
Fig. 180. 


lines =O and» =0. Equation (10) shows that to the line ¢ = 0 
corresponds the line: 
ax + By = 0 or y= a 
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i.e. the line through the origin with slope 


while the line 7 = 0 corresponds in the (z,y)-plane to the line 


yx + dy = 0 or y= — <2, 


i.e. to a line through the origin with slope 


From the relations k = (d — S)/b or S = d — bk, we find by sub- 
stituting in (8) that k1,ke are again the roots of (9) and so they are the 
same k,,k2 as before. 


< 
=< 


1p. —ttAS 


“ . \\ 
i 
f 


j] 


l, 


The lines y = kyx and y = kex are on the one hand solutions of the 
equation dy/dx = (cx + dy)/(ax + by) (in the same way as & = 0 
and 7 = 0 represent solutions of dy/dt = an/t), and on the other 
hand they are the tangents at the origin of the coordinates to all the 
solutions. 

It is now easy to represent directly the paths in the case of the 
stable node (Fig. 181) or the unstable node (Fig. 182). 


“ 
” 
a 
ae 
“a 


Fic. 181. Fig. 182. 
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2. The roots S; and Sz are real but of opposite signs. This time 
setting m = —S2/S, > 0, we find as before 


n= CE”. 


This equation determines a family of curves of hyperbolic type having 
the axes for asymptotes. When m = 1 we have a family of ordinary 
hyperbolas with symmetric branches. Here the halves of the axes of 
coordinates are paths. The origin is of course the singular point. 
Singular points of this type are called ‘‘saddle points.” The same 
considerations as before enable us to determine the character of the 
motion of the representative point. Let us assume for example that 


» 


“_ 


Fia. 183. 


S: >0Oand S. <0. Then the representative point on the é-axis will 
depart from the origin of the coordinates, while on the y-axis it will 
approach the origin without ever reaching it. The direction of the 
motions along the other paths can be easily found by continuity (Fig. 
183). As we know, a saddle point is unstable. If we return now to 
the coordinates z,y we obtain the same qualitative picture for the 
paths. Asin the preceding case, the slopes of the straight lines passing 
through the singular point are the roots of (9). 

3. S,; and Se. are complex conjugates. It is easy to see that for 
x and y real, & and 7 can be taken complex conjugates. If, however, 
we introduce an additional transformation, one may also reduce this 
to a real linear homogeneous transformation. Let us assume: 


a; + 16,, E=ut, 


= a, — 1b, 7 = U— 2, 


(14) | . 
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where @,6:,u,v are real. It is possible to show that the transformation 
from z,y to u,v is, according to our assumptions, real, linear, homo- 
geneous, With a non-zero determinant. On the basis of equations (14) 
we have: 
(15) u + id = (a, + tbi)(u + 2), 

u— w= (a; — 1b1)(u — 2), 
and consequently 


(16) u = ay — by, d= aw + by. 
In order to investigate this system, let us first examine the paths in 


y 


the (u,v)-plane. Their differential equation is 


dv _ ay + biw 


dus ayu — byw 


It is much easier to investigate by passing to polar coordinates. 
Setting u = rcos ¢,v =r sin ¢, we find in fact 


a1 : 
and therefore r = ce. Hence in the (u,v)-plane we have a family of 
logarithmic spirals asymptotic to the origin. The origin is thus a 
focus. Let us determine the character of motion of the representative 
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point along the curves. Multiplying the first of the equations (16) by 
u and the sécond by v we obtain 


sp = a1, pH Sa ve. 


Thus when a, < 0 (a; = the real part of S; and S2) the representative 
point approaches the origin continuously without ever reaching it. 
Therefore when a; < 0,.we have a stable focus. Ifa, > 0 the reprc- 
sentative point departs from the origin and we have an unstable focus. 
When we pass from the (u,v)-plane to the initial (z,y)-plane the spirals 
remain spirals but they become deformed. 

To sum up, we have the following five possibilities: 

1. Stable node (S; and S» are real and negative). 

2. Unstable node (S; and Se are real and positive). 

3. Saddle point GS; and Se are real and have different signs). 

4. Stable focus GS; and S2 are complex and their real part is 
negative). 

5. Unstable focus (Si and Se are complex and their real part is 
positive). 

Certain properties of the roots are recalled for further reference. 
Set 


(17) p=-(a+d), _qg=ad— be 
so that the characteristic equation becomes 
(18) S? + ps + q = 0. 


As 1s well known 
SP ps Fg = 08:51) (S82). 


Expanding the right-hand side and identifying the cocfficients of the 
powers of S on both sides we obtain the classical relations for the sum 
and product of the roots 


(19) Sit S.= —p, SiS2 = q, 


which we will find highly convenient. Side by side with them we recall 
that the roots are imaginary when and only when 


6 = p*? — 4q < 0, 
their values being then 


_=ptiv—-s 


Piss ipa toh ar 
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We note the following properties: 


I. —p = twice the common real part of the roots. 
IJ. If the roots are complex their product is of the form (a + 7) - 
(a —18) =a’?+6°>0. Henceg > 0. 
Itt. If¢@ < 0 the roots are real and of opposite sign and conversely. 
Hence g < 01s a n.a.s.c. for a saddle point. 
IV. The relations p > 0, g > 0 are: 
necessary for a stable focus (complex roots with negative 
real part); 
necessary for a stable node (real negative roots) ; 
n.a.s.c. for stability: there will be a stable node if 6 > 0, a 
stable focus if 6 < 0. 


A noteworthy diagram may also be drawn to represent the differ- 
ent possibilities by taking p,q as rectangular coordinates. The first 
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quadrant corresponds to stability. The regions of nodes and foci 
are separated by the parabola p? = 4g. The saddle points correspond 
to the region to the left of the vertical axis. 


83. AN EXAMPLE: THE UNIVERSAL CIRCUIT 


The circuit of Fig. 187 (investigated in this connection by Chaikin) 
when suitably idealized and, in particular, “‘linearized’’ may serve to 
illustrate the considerations developed for general linear systems. 
We shall assume that the characteristics of both tubes are linear. This 
assumption, as already observed, has meaning only within a narrow 
range of variation of the voltage on the grids of the tubes, and therefore 
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the linearization prevents us from investigating the behavior of the 
system throughout the whole range of the variables. Besides “ linear- 
ization’’ we shall apply another idealization in that we shall neglect 
the grid current. Then using Kirchhoff’s law, we can describe the 
behavior of the system by the following two equations: 


° 19 1) ~ 19 
=-— | —d dt 
Tote | Cs d + | C, ) 
i 


421 a RI, = 11) — | 2 dt. 


t 


Ci 


Setting Jo = ghk(riti + rete) where g is the grid plate transconductance 
characteristic of the tube I, and & is the amplification coefficient of 


Ig ij 


g ! 
Mw 


i: {t z 
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the stage with the tube II, we obtain two differential equations of 
the first order: 


—1 1 l 

— (1 — Rgk)i, +(— (1 — Rgk) — — Rgk )i 
rm % Rakyin + (Z( Rok) — & ok) i 
SS ess ae ie eee ee ee ee eee 
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ee eS 
ge re \C, ak 


where a = 1 — fFtgk is either negative or positive and < +1. For the 
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sake of simplicity let us assume that C; = C2 = C. Then the system 
becomes 


01 (—ati + (2a — 1)22) 


(20) CiR + QT) 


: 1 (4 yx) ) 
Ye ies — ; 
ean 5 


The characteristic equation is 


| a eee Gee 
21) i & + ar) = - . C’re( + ari) : 


The character of the roots depends upon the constants of the scheme 
and in particular upon the three resistances R,7r, andre. If we choose 
different values for these resistances, we may obtain the different types 
of singular points investigated earlier. First of all, when R = 0, hence 
a = 1, we obtain two real negative roots, i.e. astable node. This had 
to be expected because when & = 0 the tube I transmits the voltage 
to the external circuit and consequently does not play any role. In 
the absence of electronic tubes in a circuit consisting uniquely of 
capacitance and ohmic resistance, the only possible equilibrium states 
are stable nodes (only damping of a periodic motion can take place). 
In order to simplify further we shall assume that 7; and re are variable 


and Ff constant, and for convenience choose R such that a = —1. 
This time the roots are real if 
(22) {r3 ++ A(R = 1)? _ Sro( hk = r1)} > 0. 


The boundary between the regions of real and of complex roots is the 
curve 


((r2 — 4(R — 1)? — (2-3 (R — 11))*} = 0 


The left-hand side is the product of two linear factors. Hence the 
roots of the characteristic equation are real outside of a wedge in the 
(71,72)-plane above the 7,-axis formed by the straight lines: 


re = (44+ 20/38)(R — 11) 


which cross each other at the point 7; = R, re = 0 (Fig. 188). For all 
points (ri,72) within the wedge, the characteristic roots are complex 
and the singular point is a focus. On the other hand the real part of 
the roots is negative whenever 


rr < R, —ro + 2R — 27r, > 0. 


(Cu. V 
R sae Bia Ie 


2R correspond to 


stable nodes and foci, while those above the line correspond to unstable 
The line ro + 2r, 


We thus obtain the 


regions corresponding to the different types of states of equilibrium 


R. Atits right the roots are 


TWO FIRST-ORDER EQUATIONS 
From (21) we see that the product of the roots, which 


Notice that all the types do occur. 


Hence if the roots are real they have the same sign when and only when 
(Fig. 188). 


is equal to the last term, has the sign of +(R + ar) 


Consequently, the points under the line re + 2ri 
of opposite sign. and we have a saddle point. 


ry < R,1.e. at the left of the vertical r; 


nodes and foci. 
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°o degrees of freedom, since there always 


y 


This is why we have called the present scheme ‘“‘uni- 


Thus, in the scheme under investigation, if we vary the parameters 
It has actually tw 


r, and re (or even only 7; when r2 has an adequate fixed value) we obtain 


equilibrium states corresponding to the various types of singular points 


of first order. 


= 2R separates the stable and the unstable equilibrium st 
versal.”’ 


consequently defines the conditions of self-excitation of the circuit. 


this condition is fulfilled and the singular point is unstable, 
only affirm that the system leaves the equilibrium state and though 


we can determine the character of this motion, owing to linearity, we 
cannot say anything concerning the further behavior of the system. 
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exist two independent currents.!_ However each of these degrees of 
freedom is degenerate owing to the absence of inductance, and so the 
system is described by two equations of the first order, and not of the 
second order as in the presence of inductance. Hence the system can 
be studied by the methods developed in this book. Let us note that 
when r. = 0 the universal scheme is transformed into a scheme with 
one degree of freedom described in the preceding chapter (Chap. IV, 
$10). 


S4. STATES OF EQUILIBRIUM AND THEIR STABILITY 


We recall the basic definition of stability in the sense of Liapounoff: 
A state of equilibrium A(o,yo) is stable whenever given a circular 
region 2 of center A and arbitrary radius e there exists a corresponding 
circular region 2’ of center A and radius 6(e) such that upon following 
any path issued from any point Jf of 2’ one never reaches the boundary 
circumference of 2. Whenever these conditions do not hold we have 
instability. The reader with this definition before him will readily 
verify that in the sequel ‘‘stability” and “instability”? are used in 
accordance with this definition, and also that they were so used in §2. 

There is a basic theorem of Liapounoff which will enable us to 
determine the stability properties of the singular points of our system. 

The singular point A(xo,yo) is an intersection of the curves P = 0, 
Q = 0, so that 


(23) P(x0,yo) = Q(xo,yo) = 0. 


To determine the stability of the dynamical system relative to A is to 
find what happens when the system is disturbed from the equilibrium 
position represented by A to some position nearby represented by a 
point J7(ao + &yo +7). We may consider £,7 as new coordinates 
corresponding to a translation of the origin to A and we will refer for 
the present to A indifferently as the origin (understood for the coordi- 
nates € and 7) or the position of equilibrium. | 

Since P,Q are polynomials we may expand P(zxo + £,yo + 7) and 
Q(ro + £,yo + 7) in powers of £ and 7. Upon doing so and recalling 
(23), we obtain by substituting in the basic system (1) a new system 


(24) E = at + by + (pi + 2¢in try? + - - >), 
4 = c& + dn + (pil? + 2gé + rin? +: :), 
1 According to Kirchhoff, the number of degrees of freedom or the number of 


independent currents in an electric circuit is determined by the minimum. number 
of breaks of the circuit necessary to eliminate all the closed circuits. 
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a = P,,(0,Yo), b = P,,(20,Yo), 


(25) c= Q,,(X0,Yo), d= Q,,(L0,Yo)- 


It might very well happen that the right hand sides in (2+) begin 
with terms of degree n > 1. This means that the curves P = 0, 
Q = 0 have A for multiple point. We will then say that A is a 
singular point of higher type, and more precisely a singular point of 
order n. The only case discussed here is where n = 1 and in fact 
ad —be #0. The singular point is then said to be szmple. 

If we preserve only the terms of degree unity in (24) there results a 
linear system, which is much simpler and is known as the system of the 
first approximation: 


(26) E=at+bn, 7 = c& + dy. 


Now the right-hand sides of (24+) are polynomials in £,n whose coefh- 
cients are linear combinations of the coefficients of the initial poly- 
nomialsinz,y. Hence a small change in the new coefficients will result 
likewise in a small change in the old. From this we conclude (since 
the paths of (1) and (24) are the same) that the system (24) likewise 
has stable structure. 

The characteristic equation 


(27) - 8S? — (a+d)S + ad — be =0 


and its roots S,,S2 are referred to as characteristic equation and roots 
of (24) or of (1) for the singular point A. The same argument as for 
linear systems in §2, will show here also that owing to the stable struc- 
ture of (24) the roots are neither zero nor pure complex, and that they 
are distinct. Under these circumstances the discussion of §2 yields 
the behavior of the paths of the first approximation throughout 
the whole plane, and in particular in the neighborhood of the singular 
point A. Now Liapounoff has shown that in substance the same 
situation holds regarding the system (24). More precisely the 
behavior of the paths of (1) near the singular point A is the same as for 
the first approximation. The complete derivation of Liapounoff’s 
results will be found elsewhere. Intuitively however they may be 
readily apprehended as follows. Introducing polar coordinates p,@ by 
the relations § = pcos 6, n = p sin @, the right-hand sides P,Q of (24) 
become 

P = p{acos@+ bsin 6+ p(- - :)}, 

Q = p{ccos@+dsin 6+ p(-: - -)}. 


For p very small and @ arbitrary the terms p(- - :) in the brackets are 
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very small with respect to the others and so one may write approxi- 
mately 

P = p(acos @+ bsin @) = a£é + bn, 

@ = p(c cos 6+ d sin @) = cé + dyn. 


This amounts to taking P,Q the same as for the first approximation. 
Hence the paths of the given system and of its first approximation 
will behave almost alike; their general pattern will be the same, always 
of course near the singular point A. 

We state explicitly the Theorem of Liapounoff: In a system (1) 
with stable structure the equiltbrium position A 1s stable when and only 
when the corresponding characteristic roots have negative real parts and 
the behavior pattern about A as regards nodes, foci or saddle points 1s 
the same as for the first approximation. 

In the excluded cases the first approximation is not sufficient to 
determine the stability properties and an additional investigation is 
necessary. 

-We will describe the situation in more detailed manner: 

I. S; and Se are both real and of the same sign. If they are both 
negative the singular point A is a stable node while if they are both 
positive it is an unstable node. 

II. S, and Sz are real but of opposite sign. Then A is a saddle point. 

ITI. S,; and S2 are both complex. They are then conjugate complex 
say S,; = a+ Bi, So = a — Br. Their common real part is a. The 
point A is a stable focus when a <0 and an unstable focus when 
a> 0. 

The characteristic equation (27) in the explicit form is 


(28) St P,, + Q,)8 + 28, — Py,@2) = 9. 


Finally in the case of the saddle point there are four paths tending to 
the saddle point from two directions of slopes ki,k2. Referring to our 
discussion of linear systems we find that ki,k2 are the roots of the 
equation 


(29) Pk? + (P,, — @,)k — Q:, = 0. 


S5. APPLICATION TO A CIRCUIT WITH VOLTAIC ARC 


To illustrate the method of Liapounoff we shall discuss the equi- 
librium of the circuit with a voltaic arc connected through an induct- 
ance and a shunted capacitance, sketched in Fig. 189. This circuit 
differs slightly from the circuit of an arc oscillator, but for our present 
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problem it represents the most general case. The circuits with voltaic 
arc including either capacitance (Chap. IV, §11) or inductance alone 
(Chap. IV, §7, No. 1) are obtained as a consequence of ‘‘degeneracy”’ 
of the general case, 1.e. by making one of the two parameters LZ or 1/C 


Fig. 189. 


equal to zero. In the notations of Fig. 189 IXirchhoff’s laws yield the 
following equations: 


V=lit+yi) RI+V=E, I=i+Cy 


where ¥(z) is the characteristic of the voltaic arc, i.e. the function 
expressing the dependence between the voltage on the terminals of the 


Fie. 190. Fria. 191. 


arc and the current through the arc (Figs. 190, 191). Eliminating J 
from the three equations, we obtain two differential equations of the 
first order: 

(30) V 


—~E-V-Ri , V-¥wW@ 
~ Re. L 
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The equilibrium states are defined by V = 0 and7z = 0, or 
(31) V=E—- hi, V = y(t). 


The intersections of the first graph, a straight line, with the second 
which is the characteristic give the states of equilibrium, of which 
there may be one or three. Let (Vo,20) be one of the intersections, so 
that 


(32) Vo=E— Rin, Vo = Wi). 


Setting as required by the method of Liapounoff, 1 = 7%) + & V = Vo 
+ yn, then expanding y(2) in series we find 


(to + EB) Wen) ae Boa 


Keeping only the first degree terms and substituting in (30), we have in 
view of (382), the system of the first approximation 


Pee, Pe ae 
RC C L BL 
where p = (do) is the slope of the characteristic of the arc, at the 
point corresponding to the given equilibrium state. Its dimension is 
that of resistance. The magnitude p, the resistance of the arc, is a 
variable which for certain values of 7) can become negative. When 
using this term, however, one must keep in mind all the assumptions 
made when we introduce the term ‘‘negative resistance”’ (see Chap. I, 
$6). The characteristic equation 1s 


p 1 1 _ 
aga ha = 0, 
or in expanded form: 
1 p 1 /p 
2 Secs ae —ifia — 
(33) s+(goth)Stie($t!) 0. 
The properties of the characteristic roots 8 ,S2 will govern stability. 


Actually we do not need to solve for the roots and the following ele- 
mentary information will be sufficient: 


i p\ _ 
StS =-(ga+F)=4 


1 /p 
= i = : 


From this we conclude, since L,R,C are always positive that: 


202 TWO FIRST-ORDER EQUATIONS (Cu. V 


(a) If S; and S2 are real they have the same sign when p > —RF and 
opposite sign when p < —R. Moreover if they have the same sign, it 
is the sign of a, and they are both negative when p > —L/RC, and 
both positive otherwise. 

As we have seen ($2) if the roots are ses S,Seis always positive, 
and the common real part y = #($: + Se) = 4a. Hence: 

(b) If p < —R, S,S2 is negative, hence S; and Sz are real and of 
opposite sign. The singular point under consideration is then a saddle 
point, and so it is unstable. 

(c) If S,,Se are complex we have stability when and only when 
a <0, i.e. when and only when p > —L/RC. 

(d) Whenever p > —R and R < \/L/C, the singular point is 
stable, and certainly: 

(ec) Whenever p > 0 we have stability. 

Finally the condition for complex roots is 


Sate, weed 
(ko * 1) ~ ele +) <® 


The left-hand side is identically 


(¢-2)-t-(@-2+ we p_ 12) 
L oa LC \L RC VIC (F RC Jit) 


The two factors vanish respectively for 


It is clear that \ < uw. The product of parentheses can only be nega- 
tive when p/L is between \ and yu or when and only when 


(34) ees ge eee ee 
RC VLC ~L~ RC VIC 


Recalling now that p = y(t.) = the slope of the characteristic at 
(to, bo), We see by reference to Fig. 191, that at the point 1 the value 
of p > Oand at the points 2,3 its value < 0. Hence from property (e) 
the point 1 is always a stable singular point. If p is quite large, i.e. 
if the characteristic is quite steep at the point 1, (34) will not hold, 
the roots S$1,S2 will be real and we will have a stable node. On the 
other hand if for example the inductance L is very large, (34) will hold 
at the point and it will be a stable focus. 


§6] STABILITY OF PERIODIC MOTIONS 203 


Notice now that if R < 4+/L/C the number \ > 0, and so at the 
points 2,3 where p < 0, (84) does not hold. If we recall that the point 
3 always exists and refer to property (d) we have: 

(f) Whenever R < $W/L/C, roughly speaking when the resistance 
is small, there is at least one singular point which is a stable node. 

Finally at the point 2 we have p < 0 (negative slope and | p| > FR). 
hence by (b): 

(g) The point 2 in Fig. 191 always corresponds to a saddle point. 

Property (g) contradicts the results obtained in Chap. IV, §11 
for a circuit consisting of a voltaic are and either capacitance or 
inductance alone. In these schemes the middle equilibrium state was 
stable when the circuit included capacitance and unstable when it 
included inductance. When both inductance and capacitance are 
present, the middle equilibrium state is always a saddle point and is 
unstable. This apparent contradiction belongs to the range of ques- 
tions which arise when we pass from a system described by an equation 
of second order to a degenerate system described by an equation of 
first order, in particular, when we pass from the system where L and C 
are different from zero to a system where either L or C is assumed to be 
zero. ‘These questions and, in particular, the relation between the 
character of equilibrium in a degenerate system and in the initial 
system will be discussed in a separate section. 


S6. PERIODIC MOTIONS AND THEIR STABILITY 


Let us examine now the periodic motions which may take place in 
our basic system (1). If z(¢),y(¢) is a motion and there exists a positive 
T (we assume that TJ is its smallest possible value) such that for all 
values of ¢ 


et+T)=2%), yt+ 7) =y(), 


the motion is called periodic of period 7. We know that to any 
periodic motion there corresponds a closed path and conversely, to 
every closed path there corresponds an unlimited number of periodic 
motions which differ from one another only by the choice of the time 
origin. Wehave examined the closed paths in the case of conservative 
systems where they always made up a whole continum of concentric 
ovals (for example, paths around a center). In certain self-oscillatory 
systems we found an isolated closed path or limit-cycle towards which 
the neighboring paths spiral on both sides. 

It is not difficult to show that if y is an isolated closed path then on 
any one of the two sides of y all the neighboring paths spiral towards y, 
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or else all spiral away from y ast — +o. Hence three types of limit- 
cycles are possible: 

Orbitally stable limit-cycle: on both sides of y the spiralling is towards 
Y. 

Orbitally unstable limit-cycle: on both sides of y the spiralling is 
away from y. 

Orbitally semi-stable: on one side the spiralling is towards y and on 
the other away from y. 


stable limit-cycle 
Fre. 192. 


It may be shown that in structurally stable systems the semi-stable 
type does not occur. If the reader prefers we shall rule out the semi- 
stable type from our considerations, as it does not occur in the applica- 
tions.! In the sequel we shall only consider orbital stability or 
instability of limit-cycles and so we shall merely say ‘‘stability”’ or 
“instability.”’ ) 

1 The periodic motion z = Z(t), y = y(t), of period 7, is stable in the sense of 
Liapounoff whenever for every « > 0 there is a 6%) > O such that if 

|z(to) — E(to)| <8, — |y(to) — G(to)| < 8 
then whatever ¢ > to 
z(t) —2()| <6 = [y() — VO <e. 
In other words if at any time the representative points Jf,41’ on the closed path y 


and a nearby path y, are sufficiently close together, they remain quite close 
together ever after. 
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unstable limit-cycle 
Fia. 198. 


semi-stable limit-cycle 
Fic, 194. 
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As in the case of singular points the considcration of perturbed 
motions will lead to an auxiliary linear system. Leta motion very near 
the periodic one be x(t) = Z(t) + &(4), y(t) = 9) + n(d). Substitut- 
ing in the system (1) we have 


f=P(E+ bg +n) — &, 
n= QE + £9 +7) — %. 


Since 2?,Q are polynomials the first terms at the right may be expanded 
in powers of £,7. Upon doing so and neglecting the termsin £,7 of 
degree > 1, we obtain the so-called equations of variation 


(35) E= P,(z,g)t + P(Z,9)n 
n= Q(Z,9)— + Q-(2,9)n 


Since P;,P;,Q;,Q; are functions of the periodic arguments, 7,9 having 
T for period, (85) is a system of linear equations with periodic 
coefficients with the period 7. The general form of the solution of 
such a system 1s 


(36) E= Cre full) + Crefir(d), 
n= Cre fort) + Crefoa(t), 


where the fi, are periodic functions with period 7’, and the exponents 
h, and he are called ‘“‘characteristic exponents.”’ The sign of their real 
part determines whether these solutions are growing or damping down. 
What we have just said holds for a general system of two linear equa- 
tions with periodic cocfficients, and whose characteristic exponents 
have non-zero real parts, and in particular are ~ 0. It so happens 
that since the system (1) is autonomous, one of the two exponents is 
actually zero. Roughly speaking this is due to the fact that essentially 
one may reduce the number of equations to one. In outline this may 
be shown as follows. Let y be the closed path of a periodic motion and 
6 a path nearby. In a suitably small ncighborhood of y one may 
determine the position of a point N as follows. Let n = AN be the 
shortest normal from N to y and let s be the length of the are AA from 
a fixed point A of y to Af measured positively in the direction of the 
motion along y. Let also units be so chosen that the length of y is 
unity. Thus along y, ¢ = f(s) where f is monotonic increasing and as s 
increases by onc, ¢increases by 7’. As for %, the component along ALN 
of the vector (P,Q) at N, it depends solely upon Af and N. Thus 


nm = g(n,s), t = f(s) 


where f’,g are analytic and of period oneins. Hence the basic equation 
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for n 1s 
dn ; 
= f'(s)9(n,s) = F(n,s) 
s 
where F is analytic and of period oneins. Forn = 0, the vector (P,Q) 


-1s tangent to y and so F(0,s) = 0. Expanding then F(n,s) in powers 
of n, and since n is small, neglecting its powers higher than one, we 


Fig. 195. 


obtain an equation of variation relative to the periodic solution n = 0 
which is 


d 
(37) —_ = F,(0,3)n = 4(s)n. 
S 
Let ¢(s) be developed in Fourier series over the interval unity: 
(38) @(s) = ao + Lay cos (2rps + az) 
Then 


1 
ayo = I o(s) ds 
and it may be shown that 
1 rr 
m=h=7 [Pst Q) at 
0 


Now from (87) and (38) follows by integration 
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in (2 
log n = C+ hs +) SSR ERDE Too 


and therefore 
(39) n = eMyf(s), 


where y is periodic and of period unity. Since s and t— +o simul- 
taneously, n — 0 when and only when A < 0. For obvious reasons 
we shall refer to h as the characteristic exponent of the closed path y¥. 
Thus a n.a.s.c. for the closed path y to be stable is that its characteristic 
exponent be negative and a n.a.s.c. for y to be unstable is that the 
exponent be positive. When it is zero no conclusion can be drawn from 
the above considerations regarding stability. 

For more details regarding the above geometric argument the 
reader may be referred to the recent Princeton thesis by Diliberto. 


S7. THE LIMITING CONFIGURATIONS OF THE PATHS 


Let y be a path of our system (1) and let yf be a positive half-path 
(see §1) which does not tend to infinity as the representative point 
follows it indefinitely beyond Af. We ask what is the totality At of 
the points P to which y# tends, that is the totality of the points P such 
that with indefinitely increasing time the representative point follow- 
ing yf passes infinitely often arbitrarily near P. Similarly for yjZ 
described backwards, the corresponding configuration is written A7-. 
There is a theorem of Poincaré and Bendixson giving a complete answer 
to the question. Let us call At the positive and A~ the negative limiting 
set. In the case under consideration of structurally stable systems it 
may be shown that when ¥ is not a closed path the following situation 
holds. 

I. The positive limiting set At can only be a stable focus, a stable 
node, a saddle point, or a stable Iimit-cycle. Similarly for A~ with 
‘‘ stable’’ replaccd by ‘‘unstable.”’ 

II. The curves tending to saddle points are such that none joins two 
saddle points. That is to say if y=, tends to a saddle point yz, does not 
and conversely. 

From this we deduce the following very useful result due to Poin- 
care: 

III. Let Q be a bounded region which ts closed (includes its own 
boundary) and let it be free from singular points. Then if Q contains a 
half-path (positive or negative) then 2 contains a limit-cycle. 

For if 2 contains say yj, then it contains At and the latter can only 
be a limit-cycle. 
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A noteworthy special case is 

IV. Let Q be free from singular points and let its boundary consist 
of several ovals Cy, : + + , Cy such that along each C; the velocity vector 
(P,Q) always points inward. Then Q contains a limit-cycle. Similarly 
if the velocity vector always points outward. 

For clearly in the first case if y ever crosses the boundary when 
followed forward then it can never return to it and so must remain in Q. 
Hence © contains some y7. Similarly in the second case with y 
followed backward, 2 now containing some 7;,. 

The results just discussed enable us to give a very clear meaning to 
the concept of self-oscillation in systems (1) with stable structure. 
For the only time there is a self-oscillation is when the system is already 
on a closed path y or else tends to such a y as ¢ increases indefinitely. 
Moreover in a physical system it is not sufficient that it be on y, it 
must tend to remain there whenever slightly deviated. That is to 
say y must be stable, and be the limit of the neighboring paths as 
t{—++o0,. In other words self-oscillations mean stable limit-cycles. 
It is important in this connection to state another property of our 
systems, readily proved but again admitted here: 

V. There ts at most a finite number of limit-cycles. In particular 
there is at most a finite number of stable limit-cycles. Each of them 
corresponds to an oscillation of definite amplitude and frequency. 
For if z(t),y(¢) 1s one of the motions along one of them, say vy, then all 
the others are of the type z(t —7),y({— 7) and have the same 
amplitude and frequency. We add (provable but not proved here) 
that 

VI. In a system of stable structure the limit-cycles have one non-zero 
characteristic exponent. 

To sum up then: 

VII. In a system with stable structure there may take place at most 
a finite number of oscillatory motions, each with a definite amplitude and 
frequency. 

The role of the unstable limit-cycles is in a sense that of a 
“repeller.” If the representative point starts say inside of one y, 
it behaves entirely differently than if it started outside. Thus y is a 
‘behavior separator’’ for the paths. 

From the practical point of view it is also important to point out 
the following consequence: .» 

VIII. In a physical system represented by a system of two differential 
equations of order unity, the only possible stationary regimes are stable 
states of equilibrium and stable oscillations. 
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$8. THE INDEX IN THE SENSE OF POINCARE 


This concept is particularly useful in correlating the positions of 
singular points and limit-cycles. Its chief utilization is often in exclud- 
ing certain combinations of these elements. 

The basic system (1) being the same as before consider in the z,y 
plane a simple closed curve N which does not cross equilibrium states. 
Take on this curve a point S(z,y) and with this point as origin draw 
the vector (P(z,y),Q(z,y)) which is tangent to the path through S. 
If we move the point S along the curve N, the vector will rotate. 
When the point S describes the closed curve NV and returns to its 


S 


Fic. 196. 


initial position, the vector will have experienced a certain number of 
revolutions, i.e. it will have revolved 7 times, where 7 is an integer. 
We shall consider the direction of rotation as positive when it coincides 
with the direction of motion of the point around the curve N. To be 
more definite, we shall say that the point S moves around the curve V 
always in counterclockwise direction. Thus Jj can be either a positive 
or a negative integer or zero. The number 7 is 1n a certain sense 
independent of the form of the curve N. In fact, if N changes con- 
tinuously without crossing singular points, the angle of rotation of the 
vector can only change continuously; and since it is an integer times 
27, it is constant. Therefore all the closed curves surrounding the 
same singular points will produce the same number j. ‘The number 7 
is called the index of the closed curve N with respect to the field of the 
vectors (P,Q). | 

Let us surround an equilibrium state, a singular point, by the small 
oval \. As we have seen, the index is independent of NV if this curve 
does not surround other singular points. Consequently the index is 
determined by the character of the singular point. Therefore the 
index of such a closed curve depends upon the singular point alone and 
we refer to it as the zndex of the singular point under consideration. 
A direct examination shows clearly that the Poincaré indices of a 
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center, a node, and a focus are all +1, and the Poincaré index of a 
saddle point is —1. ‘The validity of the following statements can also 
be proved by direct examination of the figures: 

1. The index of a closed curve, which does not surround singular 
points, 1s equal to zero (Fig. 198). 

2. The index of a closed curve which surrounds several singular 
points 1s equal to the sum of the indices of these points. 

3. The index of a closed path is +1 (sce Fig. 197, case of a center). 


Fie. 197. 


4. The index of a closed curve along which the vectors either all point 
inwards or all outwards is +1 (see Fig. 197, case of a node). 

These statements, which we have obtained by direct investigation 
of particular examples and by considerations of continuity based upon 
geometric intuition, can be proved analytically. It is easy to see 
that the index of the closed curve N can be expressed by the curvilinear 


integral 
Us ee fp, 4 [arctan a =e fy OQ? 1 P2 
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This is a curvilinear integral of a total differential; consequently, if 
within the region bounded by NV the corresponding functions under the 
integral and their derivatives are continuous, the integral is zero. 
This gives us an exact proof of our first statement, that the index of a 
closed curve N which does not surround singular points is zero. For 
according to our assumption concerning P and Q the continuity of the 
functions under the integral and of their derivatives can be disturbed 
only at the points where P(z,y) = 0, and Q(z,y) = 0,1.e. at the singular 


fp A 
7X 


Fie. 198. 


points. Let us calculate the index of a singular point. Under our 
assumptions (stable structural system) we have only ordinary singular 
points. Taking the one under consideration as the origin we will have 


P=azx-+ by + P2(z,y) 
Q = cx + dy + Q2(z,y) 
ad — bc € 0, 


where P2,Q. contain only terms of degree at least two. 

Let us first prove that in the calculation of the index we can neglect 
all the terms of high order, i.e. P2 and Q». According to our previous 
results, the index is independent of the form of the curve and conse- 
quently we can identify the curve N with a circle of sufficiently small 
radius p (p > 0). 

Let us pass to polar coordinates x = pcos ¢, y = psin 4, and trans- 
form the curvilinear integral into an ordinary definite integral: 
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ie i . AdB — BdA + pF (,¢)d¢ 
BONE Deedes. Aba Bt es eg 


A=acos¢+ bdsin 4, Bb=ccos¢+dsin ¢ 


where F'(p,¢), G(p,¢) are polynomials in p with coefficients periodic 
functions of ¢. Observe that the definite integral /(p) is a continuous 
function of p for sufficiently small ». Therefore lim,_,o J(p) = [(0). 
On the other hand, we know that the curvilinear integral is independent 
of p for sufficiently small p. Therefore, when p is sufficiently small, 
I(p) = 1(0) and finally 
Qn = 
j = 1(0) = > | — 
T {Oo + B 
Thus we have shown that in the calculation of the Poincaré index of 
the singular point we can neglect the non-linear terms, that is to say we 
may substitute for (1) its first approximation. In order to calculate 
I(0) it is convenient to apply the following method. Let us return to 
ordinary coordinates and write our expression again in the form of a 
curvilinear integral: 


-_ 10) = 2g, eet bu)dlon + dy) = (cx + dy)d(ar + by) 
aa on FN (ax + by)? + (ex + dy)? 


where N is now any oval surrounding the origin, for the origin is the 
only singular point of the first approximation. Take in particular as 
oval the ellipse I 

(ax + by)? + (cx + dy)? = 1. 


Then, simple considerations show that 
2 _ Ff _ = _ 
7=1(0) = + p, (x dy — ydzx), g = ad — be. 
Let S be the area of the ellipse. By well known results 


Tv 

Ss = ap (xdy — ydzx) = TF 

a, F 

and therefore 7 = q/|q\. Now g = SiS2 = the product of the char- 
acteristic roots for our singular point. Therefore 


SwWo +1 for a node or focus 


— 


—1 for a saddle point 


as asserted before. 
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We now pass to some corollaries resulting from the theory of indices 
concerning the coexistence of closed paths and various equihbrium 
states. 

Corollary I. <A closed path y surrounds at least one singular point. 

For the index of y is +1 and that of an oval not surrounding 
singular points 1s zero. 

Corollary II. If a closed path surrounds a single singular point, 
it can only be a node or a focus. 

Corollary III. A closed path surrounds an odd number of singular 
points and if there are n nodes and foci and s saddle points thenn = s + 1. 


CHAPTER VI 
Dynamical Systems Represented by 
Two Differential Equations of the 
First Order (Continued) 


S1. EFFECT OF THE VARIATION OF A PARAMETER UPON THE PHASE 
PORTRAIT 


We continue to investigate the same gencral system 


(1) =P(z,y), y = Qx,y) 


as in the previous chapter and until further notice the assumptions 
made there remain the same: P and Q are polynomials and the system 
is structurally stable. Small changes in the coefficients do not basi- 
cally affect the phase portrait. 

In the present section we shall investigate what happens when the 
system depends upon a certain parameter A, and in particular to what 
extent the changes in affect the phase portrait. Ina physical system 
A might be an inductance, a resistance, a spring constant, etc. To 
simplify matters we assume for the system the form 


(2) e=P(xyr), y = Q(ay,r) 

with P,Q polynomials in all three vanables. Our problem may be 
described more fully in the following way. Suppose that to a given 
value of A there corresponds a definite motion and that the represen- 
tative point Af describes a definite path. Let A vary during a certain 
period of time and then remain constant. At the end of the process 
we will have a new phase portrait. Which of the ‘‘new”’ paths will our 
representative point follow? For a structurally stable system, the 
answer can be given immediately, provided that the system remains 
structurally stable during the variation of \; the representative point 
always remains in the vicinity of the same attracting element (stable 
singular point or limit-cycle). If the initial and the final values of X 
correspond to a structurally stable system, but the system does not 
remain structurally stable for all the intermediary values of \, then, 
generally speaking, the final motion of the representative point cannot 
be known. But even in this case it 1s sometimes possible to settle the 
question after having studied the variation of the corresponding region 

215 
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of stability in the large. ‘The’cases of soft and hard creation of oscil- 
lations (see Chap. IX) where the vanation of the phase portrait 
corresponds to the passage of the representative point from one attract- 
ing element to another are examples of this nature. 

1. Existence theorem. A simple and well known device is avail- 
able for examining the solutions as functions of >». Jet us suppose 
that we wish to investigate the behavior of the solution z(t),y(¢) of (2) 
such that for t = to) and \} = Ao we have x(to) = Xo, y(to) = yo. By 
adjoining to (2) the auxiliary equation 


(2’) h=0 


we have in (2),(2’) a system of three equations in three unknowns of the 
same general type as (1), or more generally with right-hand sides 
analytic in x,y,A about 20,yo,Ao. This is sufficient to enable us to assert 
that the solution of (2) which reduces to #,g for \ = d and t = fo, is 
analytic in Z,7,\ in a certain vicinity of (x0,yo,Ac). For instance if one 
thinks of 2,7,\ as coordinates of a point Jf in a three space then the 
solution will be analytic in a certain sphere of center M. 

Usually one will think of 20,yo as variable, identify \ with d, and 
view z,y as analytic in 2o,yo,A in a certain neighborhood. In point 
of fact it will generally happen that 2o,yo are unrestricted and } is in 
a certain interval A; < A < Ag. 

Since the system is autonomous, the general solution is of the form 
a(t — to,20,Yo,A), y(t — to,20,yo,A) and is the one taking the values 
ro,Yo for £ = to) and 2d as specified. 

An important complement is the following: Given a time interval 7’ 
and the solution just written, we can choose 29,Yo,4’ So close tO 2o,Yo,A 
that the resulting new solution remains arbitrarily close to the given 
one in the whole interval from f) to ty + 7. In particular small 
variations of A, do not, throughout a finite time 7’, cause very large 
deviations in a path. 

Regarding the phase portrait it 1s quite another matter. We 
assume in substance that if Ao is any fixed value of \ within the interval 
considered, then in some small interval \’ < A» < Xd” and for any 
\ * Xo the system has stable structure. There are now two possi- 
bilities regarding Ao itself: 

I. The system still has a stable structure for} = Xo. It may then be 
shown that the portrait of the paths is fixed throughout an interval 
containing Ao. In fact the stability of structure is equivalent to the 
following two properties: (a) For any singular point the corresponding 
characteristic roots S1,Se are #0, not pure imaginary and distinct; (b) 
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for any closed path y the corresponding path exponent h ¥ 0. In the 
present instance S1,Se,4 are analytic functions of \ and if they satisfy 
properties (a), (b) for = Xo, they do so for some interval containing Xo. 

II. The system fails to have a stable structure for \} = Xo. Then Xo 
is a branch point. When becomes equal to Ao one of a number of 
things may happen and more particularly: (a) a coincidence of several 
singular points may take place giving rise to a singular point of higher 
type; (b) two or more limit-cycles may coincide and disappear as \ 
crosses Ao forward or backward. 

2. Influence of the parameter on the nature of the singular points. 
Let us suppose that for \ = Ao there is a singular point at A. Consider 
a small oval 6 surrounding A but neither surrounding nor crossing 
other singular points occurring for \ = Ao. Under these conditions, in 
the vicinity of Ao, the index 


1 f PdQ—QaP 
50) = 5 ae 


20 
is an analytic function of ». Since 7(A) is an integer it remains con- 
stant in a certain interval containing Ao. Since near Ao there are only 
ordinary singular points, a node or a focus can only merge with a saddle 
point if they are to disappear as A crosses Ao. At all events whatever 
merging occurs when \ crosses \o the sum of the indices of the points 
within 6 cannot change. 


§2. APPEARANCE OF A LIMIT-CYCLE AROUND A FOCUS 


This case is discussed at length because there is available for it a 
good ‘polar coordinate” technique, utilized already by Poincaré and 
Liapounoff. 

It will be recalled that when the origin is a focus then the axes may 
be so chosen that the system assumes the form 


¢=ar—by+Pol(z,y), y= bx + ay + Q2(2,y) 


where the polynomials P2,Q2 contain only terms of degree two or more. 
The characteristic roots S1,Se satisfy an equation 


S?+ pS + q = 0 
and here they are both complex and given by 


S:;=a+., Se =a — 1b 
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where 
S,; + So = 2a = - p>, 
S; — Se = 2b =1~V/4q — p?, 4q > p’, 
2b = + vW/4q — p? > 0. 


We will now make the hypothesis that a,b and the coefficients of P,Q 
are analytic functions of a certain parameter \ and holomorphic for 
\ = Xo, and furthermore that b(\o) 4 0 and hence b(Ao) > 0. The 
value Ao will be a branch point, 1.e. a place where changes in the portrait 
of the paths may occur. Since the phase portrait can only change here 
through S,,S_e becoming pure imaginary, we must assume a(Ao) = 0. 
We are particularly interested in the possible appearance or disappear- 
ance of a limit-cycle surrounding the focus and tending to it as \ — Apo. 
The exact form of the system is now. 


(3) & = a(d)z — bA)y + Po(z,y,r) 
y = bA)e + a(d)y + Qo(x,y,d) 


and we write explicitly 
Si = a() + 2b), Se = a(d) — 2b(A), b(Ao) > 0. 


One will recall that the focus is stable whenever a(\) < 0 and unstable 
whenever a(\) > 0. 

Passing to polar coordinates r,@ given by x = r cos 6, y = r sin @, 
we will have 


r=at y’, 6 = arctan z 

x 

1 d(r?) LY — yx 

- =r7r+ yy ¢ = ——_—— 
2 dt YY, r? 


and hence explicitly 


1 d(r?) ; Q 
arTh — (A) (x + y?) + P2(2,2 jA)X > Qo(2,y,A)Y 


(4) 
§ =F (OV + ¥9) + Qeleur)e — Paley dy}. 


From this follows: 


dr a(y\)r + Pecos 6+ Qe sin @ 


da b()r + Qo cos 6 — Pa sin @ 
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where in P2,Q2 one must write r cos 6, r sin 6 for x,y. Now we may 
write 


i S, 4 Pecos b+ Qisin tl f a ee. 
dob b 7 
Let us set 
_ P2sin 6 — Q: cos 8 


b(A) «7 


so that the second bracket 1s (1 — Q)-!. We wish to examine the 
possibility of writing down the well known expansion 


(5) (I-71 =140404--- 


From elementary calculus this expansion is known to be valid for 
| Q| <1, and certainly for 2 small. We-are only interested in what 
happens near the focal point, i.e. for r small, and for \ near Xo, i.e. for 
A — hol small. Now 

(a) Since 6(A) is continuous and #0 for \ = Ag, it remains ‘‘away 
from zero”’ for \ near enough to do. In precise mathematical language, 
there exist a,e > 0 such that if A — ho < ¢ then b(\) > a. 

(b) It. will be remembered that P2,Qe are polynomials of degree 
>2im7r, hence 
P.sm @ — Qe cos 6 


r 


S(r,,8) = 


is a polynomial of degree >1inr. Its coefficients are analytic func- 
tions of \ in the neighborhood of Xo ,and polynomials in sin @, cos 6. 
Hence for ¢ sufficiently small, with |) — Xo) < , and whatever 6, S- 
tends uniformly to zero whenr— 0. That is to say we may choose an 
n > 0 such that with |k — Ao] < «, and r < 4, then whatever 4, 
[S| < $a. 

Under the double assumption then of r and X — Xo sufficiently 


small, we will have | o| = 


S 
; < ¥ and the expansion (5) will be applic- 


able. Under the circumstances we will then have 


6) dr _ jae P. cos 6+ Qe sm | 
dé b(d) b(A) 
1 P2sin 6 — @2 cos @ | &é sin 8 — Qe cos ty _ | 
b(A)r b(A)r 


where the powers are those of 2. Since Q, like S is a polynomial in 7, 
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and of degree at least one in r, we may expand the right-hand side in 
powers of r and so write 

dr ; 
(7) ae rRy(O,r) + r7he(6,rA) + 7r3R3(6,A) + °° 
where the series converges uniformly for A — do <eandr <p, and 
this whatever 6. The multiplication shows that 


and that R;(6,A), 7 > 1, is a polynomial in sin 6, cos 6 and hence is 
periodic and of period 27 in @. 

Let r = f(6,r0,A) be the solution of (7) such that r = ro for 6 = 0; 
i.e. such that 


(8) ro = f(0,ro,d). 


It follows from a general theorem due to Poincaré that f(6,70,A) may be 
expanded in a power series in 79 convergent for \ — Ao small enough and 
for all 0 < 6 < 2x, provided that |ro| is sufficiently small:0 < ro < po. 
Moreover since r = 0isa solution of (7) we must have f = Ofor7o = 0, 
and so the series will have no constant term. ‘Thus 


(9) r= f(O,rod) = Trour(O,r) + r2uo(O,r) + r3u3(O,X) +e: 


The coefficients wu, are determined by substituting in (7) and identifying 
the powers of 7. Thus we find 


du 
7; = Ui101(8,A), 

10 Lu 

( ) 7 = wolts(6,r) ae ujlo(6,d) 
a 


In view of the relation (8) we have 
(11) ui(0,A) = 1; uz(0,A) = 0, (e235: ee), 


The differential equations (10) together with the initial conditions (11) 
enable us to determine w1,uW2, °° * , in succession. In particular we 


find 
W1(8,A) = exp Ga ), 
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where, as frequently done, we have written for convenience exp (2) 
for e’. 

We shall now search for arbitrarily small limit-cycles around the 
focus at the origin. More precisely we are looking for a limit-cycle y, 
existing for \ very near Ao, surrounding the focus, and tending to that 
focus aS X\— Ao. Let the representative point J follow such a limit- 
cycle y, if any exists from its intersection (> with 6 = 0, the positive 
z-axis. Going back to the second equation (4), zQe and yP. when 
expressed in polar coordinates are of degree >3 in r. Hence this 
equation may be written 


6=bA)+r(- ++) = dQ) 


for r and In — dol small enough. Since b(A9) > O under the circum- 
stances 6 > 0, and so as M describes y the radius vector OM will 
revolve in the positive (counterclockwise) direction. ‘Thus as @ varies 
from zero to 27, Af will describe, revolving in the same direction an arc 
from Mp) to a new point M, on the positive z axis. An elementary 
sketch will then show that y is a limit-cycle when and only when 
M, = M), i.e. when and only when OM, = r(2xr) = OM, = r(0) = 1. 
We are thus led to this result: The n.a.s.c. for y to be a limit-cycle is 
that r(2r) — ro = 0. That is to say we must have 


ToP(A,Po) = f(r,20,A) — To = ai(A)ro + a(A)re oO) 


where clearly 


_ — f, aQ)\ _ 
ai(A) = wr(27,d) = exp (2 at 1 
a, = Ug(27,d), (k = 2,3, --°) 
and also 
(12) b(A,7o) ai(\) + ae(A)ro + a3(A)r5 ++: > 


Thus the basic equation for the existence of the small limit-cycle 
cutting the z axis at the point 41o(10,0) is 


b(A,70) = ar(A) + ae(A)ro + as(A)rg + °° = 0. 


The question is whether there Js, for In — dol very small, a solution with 
ro very small also. Let us think of \,7o as cartesian coordinates, and 
for the sake of definiteness suppose \y > 0. If this does not hold we 
could always replace the parameter \ by » = —A and we would have 
uo = —Ao > 0. Since only ro > O is of interest, we are mainly con- 
cerned with the first quadrant. Our inquiry comes down to this: 
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Does the curve ¢(\,ro) = 0 (we shall merely call it the curve ¢) 
possess an arc in the first quadrant ending at the point A(Ao,0)? 

Since a(Ao) = 0 we also have ai(Ao) = O and so at all events A isa 
point of the curve ¢. We will then have to discuss the behavior of the 
curve at A. In particular does it have one branch through A (A is 
then a simple point of ¢) or several branches through A (A is then a 
multiple point). In order not to go too far afield we shall only consider 
the simplest situation: , 


a’(\o) # 0, a3(Xo) ¥ 0. 
Notice that 


re ee a(r)\ (av 
ai(\) = 27 exp (2 a) (Fa) 


= 27 ex (2 =A Aa A) = biA)a(a) 
= £7 exp ” br) DO)? 
and therefore 
a(No) = 2m oe £ (). 


Let us also show that a(A\o) = 0 implies ae(Ao) = 0. Indeed to 
begin with 


a(Xo) 
Ri(0,\0) = —-~- = 
duy(0,r 
Hence from the first equation (10) we have ee = 0, which 


together with the initial conditions yields wi(@,A0) = 1. As a conse- 
quence the second equation (10) becomes 


due(0,ro) 


d6 = F2(6,Xo). 


Since ue(0,A0) = 0 we have 
2r 
wy SiO) = if R2(8,do) dd = 0, 


for I2(0,A0) is readily verified to be a homogeneous polynomial of 
degree three in sin @, cos 6 and hence has a zero integral over the period 
2r. More generally it may be shown that the first non-vanishing term 
for \ = Ao in (12) must be odd. 

In order that the curve ¢ possess a multiple point at A it is neces- 
sary that both partials of the coordinates vanish at the point. Now at 
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A we have ¢,, = a2(Ao) = 0, but ¢, = a(Ao) ~ 0. Hence A is an 
ordinary point. 

The slope of the tangent at any point of the curve ¢ is the value of 
—(¢/¢,,) at the point. At the point A this expression is infinite. 
Hence the tangent at A is vertical. To find out whether the are com- 
ing to A rises to the right or to the left of the tangent, we must examine 
A for 4 maximum or minimum of ) as a function of ro, and this requires 
the knowledge of the second derivative of \ as to ro at the point. We 


have 
dn ro 


dr dr 
aX _ 9 (Pn\ GX _ 9 (dr 
dr? ON\ dy) dro Oro \ da 


An elementary computation yields 


@r\  —2as(ho) _ —b(Ao)ars(Ao) 
(iz), ~——a(o) (Ao) 


and the sign of this second derivative at A is that of —as3(Xo)/a’ (Ao). 
We have thus four possibilities. 

“(a) a’(\o) > 0, as(Ao) <0. As XA increases through Xo, a(A) 
passes through zero going from minus to plus. Hence the charac- 
teristic roots S:,S, have negative real parts for \ < Ao and positive 
real parts for \ > Ao. Therefore the focus at the origin is stable for 
\ < Ao and unstable for \ > Ao. Since (d2\/dr$)4 > 0, > has a mini- 
mum at A, and the are of ¢ comes to A from the right as in Fig. 199. 
For any particular value \, of \ there is a small limit-cycle when and 
only when, the vertical \ = Ai (the dotted vertical in the figures) meets 
the curve ¢, i.e. when and only when \ > do. Thus as d increases 
and passes Xo, the focus, stable before Ao, becomes unstable when Xo 
is passed. Beyond > however there appears a small limit-cycle y 
surrounding the unstable focus and it must be stable since the paths 
spiralling away from the focus can only tend to y. The limit-cycle y 
tends to the focus as \ — Ao. 

(b) a’(Ao) > 0, a3(Ao) > 0. The discussion is the same save that 
the point A isnow a maximum. The stability of the focus is as before 
but the new limit-cycle is unstable. As \ increases through Xo we 
have in succession a stable focus and an unstable limit-cycle which 
tends to the focus as \ > Ao. After Ao the limit-cycle disappears and 
the focus becomes unstable (Fig. 200). 
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(c) a’(Xo) <0, a3(Xo) > O. The situation is the same as under 
(a) and Fig. 199, but with stability and instability reversed. As Xd 
increases through Xo the focus at first unstable becomes stable beyond 
Ao. The new limit-cycle appearing when Xo 1s passed, is unstable. 

(d) a’(Xo) <0, a3(\0) < 0. The situation is the same as under 
(b) with Fig. 200, and again stability and instability reversed. <As 
\ increases through Apo the focus at first unstable becomes stable beyond 
Ao» A small stable limit-cyele tends to the focus as » increasing 
reaches Xo. 


ro 


A 
Ag 


Fira. 199. Fic. 200. 


1. Application to a certain oscillator. Let us apply the preceding 
considerations to the self-oscillations of a tuned-grid oscillator when 
the feed back coupling is increased. The oscillator is the one fully 
described in Chapter IX, §2 (diagram of Fig. eae and its equation 
in the notations there given 1s: 


d i 
dr? 


d 
= (a’ + 28’v — 3y'v?) = 
dr 
where 
—— woe, a! = wo( Alay — RC), - Bil wo, >’ = Vil wo. 


Observe that this equation is based upon the usual idealization and 
that the characteristic of the tube 1s expressed by a polynomial of the 
third order: Ig = V.(@w + Bw? — ¥w*) where J, is the plate current, 
V, the saturation voltage, v = V,/V,, the grid voltage V, is equal to 
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the voltage across the condenser. We shall assume that both &; and 
y1 are positive. Departing from our customary notations and to 
obtain at once a system such as (2) let us set v = y, d = x, and write 
the differential equation of the second order in the form of a system of 
two equations of the first order: 


t= —y t+ (a! + 26’y — 3y’y’)z, y = 2. 


The state x = y = 0 is a focus for |a’| < 2 and we investigate the 
possible appearance of a limit-cycle from this focus when the parameter 
M varies. The characteristic equation is 


S?—-a’S+1= 
so that 


= = e (Afai — RC), 


b(M) = Pal Sa a aft — tara — Rey = “Ma, RC)?. 


The branch point jf» of the parameter J is the value annulling a or 
My = RC/a,. It is the analogue of the Ao of the general treatment. 
We have here also 


a(M) = 


Woy 


a’(Mo) = 9 


Let us calculate a3(Jf>). On the basis of (6) and (3) we find 


R.(6,Mo) = 285 cos? 6 sin 8, 
R3(0,4o) = —3y sin? 6 cos? @ — 48)? cos? @ sin? 6. 


Then by (10) for AZ = Mo we obtain 
u2(0,Mo) = $8o(1 — cos? 8), 


a3 (JLo) ate Yor = 


STW rou. 


4 Oy 


u3(2r, Mo) 


We have assumed that &1 > 0, 71 > 0, so that a’(Afo) > 0, a3(Afo) < 0. 
Thus, according to our classification we have the first case (a) when 
M increases crossing Jf) the focus which is initially stable becomes 
unstable and a stable limiting cycle appears. Consequently, when 
M is sufficiently close to but greater than Jfo, the system can undergo 
a stable self-oscillating process. Let us note that if we had a < 0, 
we would be in presence of the second case (b): in this case, when M/ 
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increases, the stable focus becomes unstable and the unstable limiting 
cycle shrinks to a point. It is easy to see that from the physical point 
of view this last case corresponds to the so-called hard excitation of 
oscillations, while the first case corresponds to the so-called soft 
excitation of oscillations. We shall make two more remarks: 

(1) If we had taken into account the higher terms of the develop- 
ment of the characteristic, proportional to v4,v5,v', etc., a reference to 


N HT 


on 


=~ 


YY Std 


L 
J ©))) J 
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Fig. 201. 
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io 
h=ho-e A=k, h=hgre 
Fia. 202. 


(10) will show that they would not have influenced the appearance 
or the disappearance of the limit-cycle provided that 7: ~ 0. 

(2) All our conclusions are drawn without taking into account the 
magnitudes of 2,@1,61,71. An analogous but much more complete 
discussion of the appearance of self-oscillations in a tuned grid oscil- 
lator as feedback coupling is increased is found in Chapter LX §2. 
We will then have to make definite assumptions regarding the magni- 
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tude of the coefficients of the characteristic of the tube, of the resist- 
ance, etc. 

2. Appearance of a limit-cycle arising out of a separatrix. This 
question is of great interest from the point of view of the theory of 
differential equations and physics in general. Its analysis however 
presents certain difficulties which have not as yet been overcome. 
Owing to this we merely give two sketches (Figs. 201 and 202) which 
illustrate two typical cases. It 1s easy to see that on each of these 
drawings part IT corresponds to the branch point of the parameter. 


$3. SYSTEMS WITHOUT LIMIT-CYCLES 


It is often important to know that no limit-cycles can exist. There 
are available for the purpose a few sufficiency conditions which are 
quite useful in some cases. 

Bendixson’s criterion. Jf the curve 0P/dx + 0Q/dy = 0 has no 
real branches, or which is the same, if (OP/dx + 0Q/dy) has a fixed sign, 
then there are no limit-cycles, and even no simple closed curve y made up 
of paths. 

The proof is immediate. Suppose a curve such as y existed. By 
the well known theorem of Gauss if 2 is the region bounded by y then 


2 4 20) scary =f (ray - 
[[ (E+ dx dy = f, (P dy Qdzx) # 0. 


However along the paths the system (1) holds and so P dy — Q dz = 0. 
Hence the simple integral is zero. This contradiction proves the 
criterion. 

A few conditions based on the properties of the index hold regarding 
limit-cycles. Namely limit-cycles are excluded whenever one of the 
following conditions is fulfilled: 

1. There are no singular points. 

2. There is only one singular point of index ~ +1 (for instance 
a saddle point). 

3. There are several singular points but no collection of them has 
a’ sum of indices equal to +1. 

4. There are only simple singular points but all those forming 
collections whose sum of indices are +1 are limit-points of paths going 
to infinity. 

1. Example: The triggered sweep circuit. We will discuss the 
so-called triggered sweep circuit used to switch in a displacement on 
the time axis on the cathode ray oscilloscope. In this oscilloscope a 
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thin beam of electrons passes between two pairs of deflecting plates. 
The voltage to be studied is impressed between one pair; a voltage 
approximately proportional to time is applied between the other pair, 
and the first voltage is presented on a fluorescent screen as a function 
of time. If the processes to be observed are very fast, for example in 
the case of random waves, the ‘‘time’’ voltage must vary rapidly. 
This rapid change of voltage is obtained by discharging a condenser 


Fic. 203. 


through a resistance. In order to initiate this short process at the 
proper time, i.e. to start the discharge at the time of arrival of the 
wave, one proceeds in the following way. The pair of plates, whose 
voltage serves to deflect the electron beam with respect to time, 1s 
connected to the plate circuit of atube. The grid of the tube is main- 
tained at such a high negative voltage that the tube is non-conducting 
and the condenser across the oscilloscope plates cannot be discharged. 
This negative voltage blocking the tube can be changed by means of 


I 


Fic. 204. 


a vacuum-tube trigger circuit connected to the grid circuit and ‘‘ work- 
ing’’ under the effect of the impulse of the incoming wave. Since a 
certain time 1s required to start the trigger circuit, it 1s necessary to 
delay the wave. This is achieved in the following manner: between 
the relay and the oscilloscope the wave must pass through a transmis- 
sion line whose length is so chosen that the time delay along the line 
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enables the trigger circuit to start functioning before the wave arrives 
at the oscilloscope and thus to eliminate the negative voltage blocking 
the tube. There exist two types of triggered sweep circuits: one 
regulates the negative, the other the positive voltages. We shall 
examine only the first type. The complete circuit is represented in 
Figure 204. In order to study its theory we shall use a simplified 
scheme (Fig. 205). The capacitances C represent plate-to-cathode 
interelectrode capacitances of the tube. For the sake of simplicity 
we shall assume that the circuit is symmetrical, i.e. that both tubes 


UU 


Fic. 205. 


and both resistances are identical. The equations corresponding to 
this are: 


-! — Tax 3 mo Tae 

(13) Vit —— =0; Vasa 
where Ia; and Ig. are the plate currents corresponding to the tubes I 
and II, Vi and Vs, the voltage drop in the plate resistances calculated 
with respect to ‘‘zero voltage drop,’?’ Vo = Rito (to = plate current). 
We shall neglect the effect of changes in plate voltage and shall assume 
that the plate current is a function of the grid voltage alone (the 
introduction of the plate reaction does not bring anything funda- 
mentally new into our investigation). The transfer characteristics 
of the tubes are then of the form Ia: = f(€g1), Lo2 = f(@g2) where ég1 
and é,2 are the grid voltages of the tubes I and II. We shall assume 
in particular that the characteristic f(e,) has the form represented in 
Fig. 206, i.e. that it possesses the following properties: 

1. f(—e,) = —f(e,), and consequently f(0) = 0; 

2. (Of/0€,)0 = gm > 0; 
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3. df/de, > 0, where if lal > \0| then (df/de,)a < (0f/de,)s; 
4. And, finally, f(e,) < Jz, i.e. the characteristic is limited and thcre 


exists a saturation current. 


Vi 
l 
e Vz 
9 
-oV, + f(E -V2 ) =O 
~oV,+f(E-V;\) =O 
Fre. 207. 


Fic, 206. 
Using the characteristic, the initial system (13) reduces to 


(144) CV, = —-coVitf(F — V2); CV2= —cV2+f(E — Vi) 


where o = 1/R = plate conductance. The equilibrium states are 


defined by the equations: 
(15) —oV,+ f(F — V2) =0 
(16) —oV,+f(E — Vi) =0 


z=oV 


V2. 


-oV, +#(E-V2) =O 
z= f{(E-V) 


-o V2 + f ( E-V,) =O 
Fig. 208. 


The solution of these equations is represented by the intersection 
points of the curves (15) and (16). There can exist either one (Tig. 
207) or three intersection points (Fig. 208).. One of the intersection 


Fic. 209. 
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points, which is always present, is determined by the condition 
Vi = Ve. In fact, equation: 


(17) —oV+f(k — V) =0 


has always one and only one solution Vo defined by the intersection 
of the straight line y = oV with the curve y = f(F — V) (Fig. 209), 
and so (Vo,Vo) satisfies (15) and (16). 

The three points of intersection of (15) and (16) will coincide with 
(Vo,Vo) whenever f’(E — Vo) =o and there will be only one intersec- 
tion namely (Vo,Vo), whenever f’(E — Vo) <a. 

Let A(V; ,V;) be any one of the three intersections. To deter- 
mine its stability we pass to the related first approximation. Setting 
Vi=Vi+Vi, V2 = V; + V3, the first approximation is found to 
be 

CV, = -—oV, —f'(E — Vz)V3, CV, = -f'(E -— Vq)Vi - oV3. 
The related characteristic equation is 
24+ Ar+ 6 — f'(E — Vi)f' (FE — V;) =9, 

whose roots are Be 

Me = —o t VEE — VE — Ve) 
and therefore always real. The special point (Vo,Vo) will be a stable 
node when f’(H — Vo) < «anda saddle point and hence unstable when 
the opposite inequality takes place. Hence, this equilibrium state 
is stable when it is unique and is unstable if there exist three equi- 
librium states. The other two equilibrium states are in this case 


always stable; they represent stable nodes. It is easy to see by 
Bendixson’s criterion that there are no closed curves consisting of 


whole paths, for 
aP 20 
— +—]= -2 0. 
? (= oy, oe 


On the other hand, the straight line Vi = Ve is a path. It is also 
easy to see that all the curves coming from infinity are directed 
inwards (see p. 238). In fact, according to (14) we have: 


c= (Vi + Vi) = —20(Vi + Vo) + 2Vif(E — V2) + 2Vof(E — Vi) 


so that when V; and V~ are sufficiently large, the right-hand side of 
the equation is always negative. ‘The cases: 


f'(E — Vo) <o and f'(B — Vo) >o 
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are represented in Figs. 210 and 211. Equation (14) indicates directly 
that the curve (15) is the isocline dVi/dV2 = 0 and the curve (16), 
the isocline dV;/dV2 = o~. 


Fic. 210. 


Let us investigate what will happen if we suddenly switch in the 
negative voltage —e, which we shall consider as being constant. This 
additional voltage is applicd to the grid of onc of the tubcs or to 
another special grid (Fig. 204) or to the same grid to which @e, 1s 


oeo—_— —=— = 1. 


Se 
~ \ 
MK :: V2 


Fic, 211. 
applied. In place of (14) we now have 
CVi=—-cVit f(E—-Vi): CV. = —0Vi + f(E — Vi — ke) 


where / is a cocfficicnt depending on the place of application of the 
voltage e. If the voltage eis applied to the control grid, asin Fig. 204, 
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then & = 1. The equilibrium position is determined by the inter- 
section points of the curves: 


—oV:+ f(E — V2) =0, 
—oV2+ f(E —e—V)) =0. 


We can see again that there may exist either one or three intersection 
points. It is easy to obtain the same results as before regarding 
stability: if there is only one equilibrium position (one intersection 
point), it is a stable node, and if there are three, then one of them is a 
saddle point and the other two are stable nodes (Fig. 212). The 
operation of the triggered sweep circuit may now be described as 
follows. Let us assume that the signal, to which the relay must 


V, 


V2 
-oV, + f(E-V, } =O 


-oV +f(E-e -V, ) =Q 
Fie. 212. 


respond, has a rectangular form. When the relay starts operating, it 
is in the equilibrium state corresponding to the negative value E' — Vo, 
i.e. to the negative voltage on the grid of the tube I; (the left node in 
Fig. 211). Therefore, the time deflecting condenser cannot be dis- 
charged. The parameters of the system are so chosen as to have the 
case represented in Fig. 210 at the beginning of the signal. Since 
there exists only one stable equilibrium state corresponding to the 
positive voltage on the grid of the tube I, the tube conducts when the 
signal is applied and the condenser is discharged. At the end of 
the signal there are again three equilibrium positions but the relay is 
now in the equilibrium position corresponding to the positive voltage 
on the grid of the tube I. Thus the signal opens the tube through 
which the condenser is being discharged, and when the signal stops, 
the tube remains open. 

2. Connection of d.c. generators. Consider two identical d.c. 
generators both excited in series and which are to be connected in 
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parallel (Fig. 213). Their common characteristic 4 = y(z) 1s shown 
in the first quadrant (Fig. 214) and one must bear in mind that 
y(—7) = —y(z). We will set p=y’(0O). Owing to symmetry 
rT, = re = r = the common interval resistance of the generators and 


r L> lp 
(dz) TOTTI —.. = 
ry Ly | 
(01) IO UO00 V4 E = w(i) 


R 


A 
8 
pr te j 
Fic. 213. Fic. 214. 
L, = L. = L = their common field inductance. The basic equations 
are 
Li, = —Riz — (R4+ r)ii + W(t) 
Ing = —Riy — (R + 1r)t2 + Waa) 


The equilibrium states are given by 


Rip + (R+r)i2— 2) = 0, Rie + (R4 rt — v(t) = 0. 


Fya. 215. 


Clearly the origin 71 = 72 = 0is among them. The two curves whose 
intersection gives rise to the singular points are symmetrical to one 
another with respect to the bisector 7; = 72 of the first quadrant. 
Various possibilities for one of them are indicated in Fig. 215, and 
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various intersections, i.e. possibilities for the singular points, are 
shown in Fig. 216. The most complicated case is the one where there 
are nine singular points. We shall determine their nature. 

Origin. The equations of first approximation are 


La = (p —-k- r)ty Rte 
= R= RS, 


The characteristic equation is 
(A-+r+tkh— p?—R?=0 


and hence the characteristic roots are p — r and p—r-—2R. The 


Ia I>, 


Fria. 216. 


origin is stable when r > p and unstable when r < p._ It is a saddle 
point when p — 2k <r < p and an unstable node when r < p — 2h. 

Points other than the origin on 1, = —te. These are the harmful 
points since in these points J = 2; + 72 = 0: no current goes to the 
line; one of the machines is a generator and the other a motor. Let 
11 = —2 = to, and set po = W’(to). The equations of first approxima- 
tion are as above with p replaced by po. Since 79 is rather large, po is 
small and so this time po < 7, both \; and de are negative and we have 
a stable node. ‘Thus the two harmful states are both stable. 
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Points other than the origin on 7% = 12. They are defined by 
y(t) = (r + 2R)t, i.e. by the intersection of the curve y = ¥(2) with 
the line y = (r+ 2R)7. They cannot occur unless the slope of the 
line is smaller than the slope of the characteristic at the origin, 1.e. 
unless r + 2h <p. Let 2: = 72 = 2% in the present case and set 
po = v(t). The same calculation of the characteristic roots yiclds 
here the values pp — 7, pp ~ 7 — 2h. Thus both are real and foci 
are excluded. If 7 is quite small p, will be very near p, both roots 
will be positive and we will have an unstable node. As we shall 


Fic. 217. 


see the points in question can be shown to be nodes without any 
calculation. 

Points not on the bisectors 1; = +72. It will be shown ($4) that 
all the motions ‘‘run away” from infinity, and that on a very large 
circumference C the vectors (21,72) all point inwards or all outwards. 
Hence the Poincaré index of C is +1 (Chap. V, §8). Since we have 
only simple singular points the four unknown points have the same 
index e = +1. Let also » = +1 be the common index of the two 
points other than the origin on the bisector 7; = 72. The origin and 
the two unfavorable points on the line 7; = —72 are nodes and hence 
their common index is +1. Writing down that the index of C is the 
sum of those of the singular points which it surrounds we have the 
relation 


3 + 2n + 4e = 1 
The only values of » and « compatible with 7 = +1,¢ = +laren = 1, 


e = —l. Hence the points on 7; = ze are nodes and the four points 
not on the biscctors are saddle points. 
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The various admissible phase portraits are sketched in Fig. 21S. 

The following conclusion, which did not require the full analysis 
of the singular points, may be stated: In view of the stability of the 
harmful state one should not connect in parallel generators excited in 
series. The connection of Fig. 219 is however correct with the field 
coils crosswise. The equilibrium state with the current flowing out- 
side is then found to be stable and the harmful state unstable. 


s4. BEHAVIOR OF THE PATHS AT INFINITY 


By “behavior at infinity’? we mean far out in the phase plane. 
This behavior is often quite helpful in obtaining the full phase portrait. 
Sometimes also it is found quite readily. Thus from (1) there follows 
immediately 

gdr?/dt = xP(z,y) + yQ(z,y) = R(z,y). 


Suppose that outside and on a circle 7 of large radius the function R 
has aconstant sign. Ifthe sign is + the motions tend to infinity when 
t— +, and infinity is “stable.” If the sign is — the same behavior 
holds for i —> — «, and infinity is ‘‘unstable.”’ 

As an application consider the problem of the two generators just 
discussed in §3 and let us suppose ¥(z) to be approximated, as we may 
generally do, by an odd polynomial of degree >1: 


W(t) = t(do + aet* + + + + + Gant*?) 
The analogue of the expression zP + yQ for the system (1) is here 
f (t,t) = ti (21) oir 12¥/ (79) oi 2Rizte = (R -f r) (az + 13) 


and it is a polynomial in 7;,72. Its highest degree terms are 


g(11,72) = Qa, (112"*? + i222) 


and the sign of f far from the orgin is the sign of g, i.e. the sign of 
Gon, and consequently fixed. Suppose aeg <0. Then along a circle 
C of large radius p, 77 will be negative, r* will decrease and so will r. 
That is to say if \f is any point of C, the motion starting from Jf must 
be such that r decreases. Hence it will beinwards. Thus the velocity 
vector (P,Q) will point inwards at all points of C. When a2, > 0 
the situation is the same save that the vector always points outwards 
along C. In the first case infinity is unstable, in the second it is stable. 
This is the proof of the statement regarding infinity made in the treat- 
ment of the problem of the two generators in $3. 

Returning to the general problem of the behavior at infinity, it 
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cannot generally be dealt with in the simple manner just described 
and one has to apply a suitable change of variables. The most satis- 
factory procedure is one used by Poincaré. Geometrically it consists 
in a central projection of the z,y plane on a sphere of radius one tangent 
to the plane at the origin (Fig. 220). Toa point N on the plane there 
correspond tio points N; and Ne on the sphere, situated on the line 
O,N passing through the center of the sphere. Thus the plane is 
represented twice: on the lower (southern) and on the upper (northern) 
hemisphere. The infinitely remote points of the plane are projected 
on the equator (large circle parallel to the z,y plane). The straight 


Fia. 220. 


lines of the plane will be transformed into great circles of the sphere; 
the straight lines passing through the origin will become large circles 
perpendicular to the equator. For example the line P/t becomes a 
large circle passing through the points Pi/?1,Pelte. The paths in the 
plane will be transformed into corresponding curves on the sphere; 
the saddle points, the nodes, and the foci will preserve their nature. 
New singular points may however arise on the equator. For example 
the images of the paths for which y—O far from the origin pass 
through the points C,D and those for which x — 0 pass correspond- 
ingly through the points A,B. Thus the singular points on the 
equator need not correspond to the intersections of the curves P(a,y) = 0, 
Q(z,y) = 0. They characterize the behavior of the paths infinitely 
far from the origin. 
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We must now obtain analytical expressions for the transformation. 
To that end let u,v,z denote cartesian coordinates for the sphere with 
the u and v axes parallel to the z and y axes and with the z axis vertical. 
Thus we will have 


wt+epet+e2 = 1, 


and at the same time since N(z,y,1) and Ni(w,v,zZ) are collinear 


U 
-=-S>-e e=tl]. 


The two signs of e« correspond to the two points Ni,Ne. As a 
consequence 


L y 


] 
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In order to have again a relation from plane to plane it is convenient to 
project on one of the planes wu = 1 or v = 1, analogous to the initial 
plane z = 1. Let us project for instance on v = 1. The coordinates 
will then be u,z for that plane and the corresponding relations are: 


and hence also 


(18) C= 


This transformation from the plane z,y to the plane wu,z is particularly 
suitable for discussing the nature of all the points except A and B 
(Fig. 220). For the points A,B the more advantageous transforma- 
tion is to wu = 1, with v,z as the coordinates and relations 


(19) t= 7) y= a 
z 


It is again clear that both transformations (18), (19) preserve the 
character of the singular points. 

Let us apply transformation (19) to the fundamental system (1). 
We first find 
_ 2dv—vdz 


9 
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and hence 
, ] l ] 
(20) Z= =f (2 ‘) rae y= —pP ( ‘) ve + Q (2 ’ ‘) 2: 
z2 2 zZ 2 Zz 2 


Let p,q be the degree of P(z,y),Q(x,y). Then we may write 


v 


P (2 ‘) = z ?P*(z,v), Q) (2 ’) = 2-10) *(z,v) 
Ze 2-2 


where P*,Q* are polynomials: Suppose q 2 p, and let us introduce a 
new time 7 by the relation 


dr = a2 dt = 2-971! dt, 


Thus 7 increases with ¢ when x > 0 and may decrease when ¢ increases 
whenever zx <0. Hence to the right of the y axis the ‘‘r motions”’ 
along the paths will proceed in the same direction as the ‘“‘t motions”’ 
G.e. as the true motions) and to the left of the y axis the 7 motions may 
proceed in the opposite direction from the true motions. 

We now have from (20) the new system 


@ = 2p *(z,), 
dr 
(21) dy 
— —v2z9I-?P*(z,v) + Q*(z,v). 
E 


We may well expect new singular points for which z = 0, Le. at 
infinity. The system (21) is adequate for all those for which z and v 
are both finite. Since v = y/z, v finite means ‘‘not in the direction of 
the y axis.’” In other words (21) is adequate for all the singular points 
on the equator other than A and B. 

Similarly to (18) there corresponds a system which is suitable for 
all equatorial points except C and D: 


ti = =a (es) 
dr 
(22) : 
- = 27-PP**(z2u) — uQ**(z,u) 
a 


Application to a linear oscillator with friction. The basic differential 
equation 1s 
%+ 2he + w*r = 0 
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and it reduces to the system 
L= Y= P(x,y), y = —w*t — Zhy = Q (x,y). 


The related systems (21), (22) are found to be 


d d 

(21) = = —2v, - = —w’* — 2hv — 0°; 
d d 

(22') —~ = Qhe + wuz, aire + 2hu + w*u?. 
dr dr 


There are no singular points on u = 0, v = 0, while those of the first 
system are given by 


z =Q, y? + 2hv + w? = 


From the first of (21’) or (22’) we see that in any case the equator 
z = 0 is a path or else composed of separatrices (from singular point 
to singular point). There are two possibilities: 

I. h? <w?. Then there are no singular points on the equator 
and the latter is a limit-cycle. 

II. h? > w*. There are then four singular points on the equator 
at the intersections with the planes v = v1, v = ve where 


vr = —ht+ Vh? — 2?, bo = —h — Vh? — o?. 


Let z = 0, v = v; be one of the points. To determine its stability set 
z=O+& v=v;+ 4. Inserting in (21’) there results the first 
approximation system 


£= — xf, n= —2(v; + h)n 
The characteristic roots are thus 
1 = —b;, Ao = —2(v; + h). 


Thus for v; the root Ai > O and Az < O hence 2 is a saddle point. On 
the other hand for ve we find A; > O and Az > O and so z» is a node. 
Its ‘“‘stability”’ behavior is readily determined from the behavior of 
the paths. Since we have here a damped vibration the origin is always 
stable, the motions all tend away from infinity and so infinity is 
unstable. 

Remark. We have supposed q 2 p. When p <q the required 
modifications are obvious. 
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Figure 221 describes the behavior of the paths at infinity for h? < w?. 
Figure 222 represents the orthogonal projection of the sphere on the 
plane tangent to the sphere in the lower point when h? > w?. 

Application to lamit-cycles. Suppose that infinity (the equator) is 
an unstable limit-cycle. If there is just one singular point at finite 
distance and it is an unstable node or a focus, then on the basis of the 
general theory described in Chap. V, §7 we must necessarily have at 


equator 


Fig. 221. Fia. 222. 


least one stable limit-cycle. This concept will be used to prove the 
existence of a limit-cycle in the simplest self-oscillating scheme with a 
tuned grid (see Chap. IX, §2 for more details). J«irchhoff’s equations 
yield here 

a dt 


= MI,. 
7 : J 


Ii + Ri + | 
We will assume that the characteristic of the tube is adequately 
expressed by 
2I. 
I, = I, + — arctan iy 
7 21, 
where I, is the saturation current, go the mutual conductance of the 
tube at the operating point and v, = fi dt/C the grid voltage. It is 
not difficult to show that the general theory applies here also. The 
equation of motion written in the ordinary way will take the form: 


: hk M got 
(8) #=t= Poi); t=-Fi-ft 7 —“aaw 
Lc (1 + =") 


ea Q(v9,1). 


244 TWO FIRST-ORDER EQUATIONS (Cu. VI 


It is easy to see that the character of the equilibrium states situated 
on the axis z = O is the same for the system (23) and for the system: 


(24) pret: Ses >= —> . 


Since (24) is independent of the characteristic, the behavior of the 
paths of the initial system at infinity must be the same as that corre- 
sponding to a harmonic oscillator whose frequency is 1/+/LC and 
whose damping coefficient is R/L. We have investigated this case 
and we have found that infinity is unstable. Consequently, if the 
unique singular point, situated at a finite distance is unstable, the 


equator equator 


Fie. 223. Fig. 224. 


system here considered must possess at least one stable limit-cycle. 
The two possible cases: no singular points on the equator and singular 
points on the equator together with the corresponding dispositions of 
the paths are respectively described in Figs. 223 and 224. 

To sum up, the consideration of the behavior of the paths at 
infinity has enabled us to prove the existence of limit-cycles in certain 
cases. To the physicist such an existence proof may appear strange. 
He knows experimentally that the vacuum tube oscillator, for instance, 
can assume steady oscillations, and he needs no special proof of this 
fact. What has actually been accomplished however is to show that 
the theory, with the assumed idealization gives results in agreement 
at an important point with observation. In other words what has 
actually been obtained is a certain justification of the theory, or if 
preferred, of the mathematical model. 
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S5. POSITION OF THE LIMIT-CYCLES 


This is certainly the most obscure part of the whole theory— 
indeed no general method for locating limit-cycles is known and all 
that we have is a few negative results. 

Sometimes the following procedure may succeed. Take a group 
of singular points whose sum of indices is +1. A limit-cycle, it will 
be recalled, can only surround a group of singular points which has 
this property. Draw around the selected group two closed curves 
forming a ring-like region © free from singular points. Then, if the 
velocity vector of the representative point in the phase plane of these 
curves is never directed outside of 2, we can say that there exists at 
least one stable limit-cycle within the region. If the velocity vector, 
is never directed toward the inside, there exists at least one unstable 
limit-cycle within the region. If we find m regions such as 2 we can 
affirm that there exist at least n limit-cycles. Similarly, if infinity is 
unstable and there exists a closed curve along which the velocity 
vector is always directed outward, and outside of which singular points 
do not exist, we have at least one stable limit-cycle outside the curve. 
Similar considerations hold for unstable limit-cycles save that one 
must consider the opposite direction of the velocity vector. 

In some cases a certain method due to Poincaré may be applied. 
Let us suppose that we have a system of nested ovals 


Fay) =C 


filling up the plane. To simplify matters assume F analytic through- 
out the plane. An example is a system of concentric circles or con- 
centric ellipses. Let I be the curve of contact or locus of all the 
points where the velocity vector is tangent to one of the ovals. Let 
C'1,C2 be the smallest and largest values of C such that the correspond- 
ing ovals meet IT. Let Q be the ring bounded by the two curves. It 
is an elementary matter to show that every limit-cycle y is tangent to 
some oval and hence meets I. Consequently y must be in Q. Thus 
if any limit-cycles exist they must bein 2. A sufficient condition for 
the existence of at least one limit-cycle is that the vector of phase 
velocity on both curves C; and C.2 points either everywhere outside 
or everywhere inside of Q. 
For our basic system (1) the equation of the curve of contact is 

P OF /oy 


_—_— 


Q- 7 OF /dx 
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In the special case when the system of ovals consists of a family of 
concentric circles with center at the origin, i.e. F(z,y) = 2? + y? = C, 
the equation of the curve of contact becomes: 


P/Q = ~—y/z. 


If the dynamical system is described by equations in polar coordinates, 
we have: 


7 = R(r,¢), @ = P(r,¢). 


If the ovals are defined by the equation: 


then the equation of the curve I is 


Rr,d) 
Bir) 7%): 


When the system of ovals consists of concentric cycles centered at the 
origin, the equation of T is 


R(r, o) = 0. 


Consequently, in this case, the extreme radii of the circles tangent to 
I are obtained from the relations: 


= Rr) =0 
Consider now any branch I” of the curve of contact I, and let 
M be an arbitrary point of I’. It may happen that the path y 
through AY, while tangent to I’ does actually cross it, much as an 
inflectional tangent crosses a curve. We say then that y and I’ have 
a contact of even order at the point Af (an inflexion is a contact of order 
tiwo) and I’ must be rejected. For it is clear that the geometric argu- 
ment breaks down for contacts of even order. Thus one must only 
preserve the branches corresponding to contacts of odd order (contacts 
without crossing). We see then that if IT has no branches of odd con- 
tact, and in particular no real branches whatever, there are no limit- 
cycles in the system. 
Application to a vacuum tube oscillator 1n soft regime. ‘These oscil- 
lations will be fully discussed in Chap. IX. It will suffice to say that 
if the vacuum tube has a cubic characteristic the basic equation is 
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reducible to the van der Pol type 
(25) $+ ez?—-lhg+2=0 
or equivalently to the system 
(26) t=y, y= -ste(l —2xy. 
Choose as family of ovals the circles 
vty = C. 
The equation of the curve of contact is then 


y(—z + el — 2?)y) = —2zy 
or 
y7(1 — x?) = 0. 


Since y = 0 is a double root, one may show that the z axis represents 
the locus of double contacts (even contacts), and consequently this 


y 


Fig. 225. 


branch of the curve may be discarded. Thus we are left with two 
branches, « = +1, and x = —1 (Fig. 225). The smallest circle 
tangent to the curve I which is left is a circle of radius 1, and there is 
no largest circle. Consequently, the limit-cycle, if it exists, is in the 
region outside the circle of radius 1. Thus the present method enables 
us to determine, truly not very accurately, the position of the limit- 
cycle. This result will become obvious later when we examine the 
physical side of the question, for x <1 corresponds to “negative 
friction’’ while x > 1 corresponds. to positive friction. 
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Application to a certain pendulum. In this cxample the phase 
surface is a cylinder. Namcly, we considcr the oscillations of a 
pendulum with friction under the effect of a constant moment. 
The basic equation is 


I¢é+ mgisin¢d+hd =P 


where all the constants are positive. The synchronous motor leads 
to the same type of equation. The phase cylinder corresponds to the 
coordinates ¢, ¢. Choose as the ovals a family of parallels ¢ = con- 
stant on the cylinder. The curve of contact [ is of the form: 


. 2 — mgl sin ¢ 
o= a 


The upper and lower parallels tangent to [ are 


P+ mgl . P—meal 
ga Pt ml — y _ P= mgl 


h h 
Consequently, the limit-cycle, if it exists, is situated within the limits 


ee ee 
h h 
We know of no physical example of an autonomous system described 
by two equations of the first order, where the position of the limit- 
cycles may be at all satisfactorily determined by means of the curve 
of contact. 

It 1s sometimes possible to prove the prescnce or the absence of 
limit-cycles for special types of systems (1) by considcrations appro- 
priate to the system. Such an analysis has been given by Liénard 
for cathode oscillators under certain simplifying assumptions regarding 
the symmetry of the charactcristic. 


S6. APPROXIMATE METHODS OF INTEGRATION 


Whenever no direct mathematical attack is available one must 
of necessity have recourse to approximate methods: integrating 
machines, graphical integration, etc. This is not the place to discuss 
the machines and we shall only consider rapidly the other methods. 
More complctc information is easily found in the literature; see notably 
Kk. Runge, Graphische Methoden, B. G. Teubner, 1932. The best 
graphical procedure is the method of tsoclines, which consists in the 
following. The equation of the paths, with time eliminated is 
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de ayy rr 
The curve f(z,y) = C is the isocline, where the paths have the slope C. 
By constructing a sufficient number of isoclines (Fig. 226) we can 
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begin to construct an approximate phase portrait. Let us start our 
construction with the path passing through a point P on the isocline 
C=0. We pass two segments through P, one in the direction of the 
tangent corresponding to the isocline C = 0, and the other in the direc- 
tion of the tangent corresponding to the adjacent isocline C = —0.2. 
We extend these segments up to their intersection with this adjacent 
isocline. We thus obtain two points: a and b, and their mid-point P; 
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is the second point of our path. From the point Pi we draw two 
straight lincs up to their intersections c,d with the isocline C = —0.4, 
with inclinations corresponding to the isoclines C = —0.2 and C = 
—0.4. Then the mid-point P2 of cd is the third point of the path 
for which we are looking. If we continue this construction, we obtain 
a sequence of points P,P1,P2,P3,P4 . . . ; and can pass through these 
points a path which will pass through P. By repetition one may thus 
obtain a series of paths, and hence an approximate but sufficiently 
detailed phase portrait of the system under investigation. This 


Fig. 227. 


assumes of course that its parameters are given definite numerical 
values. This portrait will allow us to judge whether self-oscillations 
can arise in the system for the given values of the parameters and to 
estimate the maximum values reached by z and y during these oscil- 
lations, etc. It does not enable us however to determine the variation 
of the behavior of the system as a function of onc of its parameters. 
In order to answer this question we must construct an entire “‘gallery’”’ 
of phase portraits corresponding to different values of the parametcr. 

A typical example illustrating the application of the isocline 
method, is found in the investigation of the phase portrait of the van 
der Pol equation (25) performed by van der Pol himself. This equa- 
tion arises In many questions related to self-oscillations. For example, 
the equation of a vacuum tube oscillator possessing a cubic character- 
istic 1s reducible to that type. Van dcr Pol was interested in this 
equation in connection with the theory of the relaxation oscillations 
of a symmetric multivibrator with inductance (Fig. 227). See also 
Chap. VIII. Replacing the van der Pol equation by (26) we have at 
once 


d 
ad = +e(1 = 2°) ae we 
dx y 


APPROXIMATE METHODS OF INTEGRATION 


252 TWO FIRST-ORDER EQUATIONS [Cn. VI 


By taking definite numerical values for e and applying the isocline 
method, van der Pol obtains the ‘‘phase portrait gallery” of Fig. 228. 
Since all the portraits contain a limit-cycle, self-oscillations exist for 
all values of e. When increases, the coefficient of the term containing 


[ 


"A gr 4,-F0 
Fic. 228c. 
< increases, the form of the oscillations differs more and more from the 
sinusoid (the form of the limit-cycle differs more and more from a 
circle) and finally the initial growth of oscillations, which is oscillatory 
when ¢€ is small (the singular point is an unstable focus), becomes 
aperiodic (the singular point is an unstable node) when e is large. 


CHAPTER VII 
Discontinuous Oscillations. Parasitic 
Parameters and Stability 


In this chapter we shall mainly consider various types of discon- 
tinuous oscillations arising in autonomous systems 


(1) Z=P(zy), y= Q(a,y). 


This time however P,Q will generally not be continuous throughout 
the whole plane. Needless to say in regions where they are analytic 
the general results regarding singular points and limit-cycles will be 
valid and will be applied without hesitation. In the last section we 
shall discuss certain related questions of degeneracy caused by stray 
impedance. 


§1. SYSTEMS WITH ONE DEGREE OF FREEDOM DESCRIBED BY TWO 
EQUATIONS OF THE FIRST ORDER 


We have seen that the investigation of a self-oscillatory system 
is simplified when one of the oscillatory parameters plays a secondary 
role and can be neglected. This may lead generally to the lowering 
of the order of the equation and to the possible existence of dis- 
continuous oscillations. It may well happen however that through 
disregarding certain parameters discontinuous solutions become admis- 
sible but that the order of the equation remains unchanged so that 
we still have a system with two oscillatory parameters. For example 
the circuit of Fig. 229, if one disregards all the inductances, goes into 
the familiar scheme of Fig. 230, described by one differential equation 
of the first order admitting discontinuous solutions. If only L; and 
LT are small (and can be neglected), while Z is large and must be 
taken into account, but the resistance # is small, we obtain the circuit 
of Fig. 231 studied earlier (Chap. I, $7). The corresponding differ- 
ential equation is of the second order and not of the first. In spite of 
the inductance J in Fig. 231 abrupt changes of current in the circuit 
of the capacitor C and the resistance /¢ are possible, if they are such 
that the current J through ZL, and the voltage V across C remain 
constant. This condition can be fulfilled and consequently discon- 
tinuous oscillations may arise. Thus neglecting L, for example, does 
not diminish the order of the equation but allows the application of 
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the general considerations relative to discontinuous oscillations, which 
simplify the treatment. If we neglect the grid currents and the plate 
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reaction, we obtain, for the scheme under investigation (see Chap. I, 
87) the following equations: 


ae cee anes 
(2) Li - riz f iat=0 
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where ¢ is the transfer characteristic for the tube I, and k the amplifi- 
cation coefhicient for the tube II (we assume again that the tube II 
operates in the linear part of its characteristic). Let us set 


krit = &, I=y, 


so that x is the grid voltage of the tube. Then our equations can be 
written 


1 


1 x 
ly ~7a- 7 x dt = 0, oa) -~- f vdi=o. 


Differentiating both equations we obtain after a simple transformation 


— y 
CS 
(') — =) 
(3) 
fens at 4 1 y 
d krLC 


(+ (x) — =) 


To simplify matters we make the following very natural assumptions 
regarding the characteristic ¢(x): (a) it is a bounded monotonic odd 
function, and ¢’(z) is an even function, monotonic for x > 0; (b) ¢’(z) 
has its maximum at the operating point x = 0 and decreases monoton- 
ically from the maximum on both sides of zero. 

As a consequence of the assumptions if ¢’(0) > 1/kr, there are 
two values +21 (x1 > 0) such that 


$'(1) = $'(— 21) = I/kr. 


When ¢’(x) = 1/kr both derivatives z,y become infinite and conse- 
quently the values of x and those of y can change abruptly. The 
jump conditions yield here that the voltage across the condenser 


and the current in the inductance 


r= [ yat=0@) -% 


must both remain constant. Hence if x1,y: and %2,ye are the values 
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of x and y before and after the jump we must have: 


o(%1) — — = $(z2) — = 
(4) 


tn Fan 

When these conditions are fulfilled, the Jump proceeds in the following 
way. The current 1 = x/kr undergoes a Jump and therefore the plate 
current also changes abruptly. According to the first condition (4) 
the change in the plate current J, must be exactly equal to the change 
in the current 7, so that the current J may remain constant. On the 
other hand, when the current 7 jumps, the voltage across r jumps, and 
the voltage across L likewise changes abruptly. According to the 
second condition (4) the voltage jump across 7 must be exactly equal 
to the jump of the voltage across LZ, and as a result the voltage across 
C remains constant. 

As we shall see the system (8) plus the conditions (4) for the jump 
will enable us to determine the behavior of the system throughout 
the whole plane. 

Let us set ¢/(0) = g (for simplicity we write g for the standard 
gm). Itis here ~0 and we will suppose g # 1/kr. The origin is then 
the only singular point in the region where the system (8) is analytic, 
i.c. Where ¢’(z) ¥ 1/kr. Thus if 


1 
(5) P(r) = 
g(x) — kp 
we will have the series expansion 
| 
(6) (x) = (0) +260) + =—T tart: 
g-— 


Upon substituting in (3) and keeping only the first degree terms there 
results the system of the first approximation for the origin 


1° 
(7) ne ar Z 


1 rar 1\ 
J kr J kr 


= Ps 
krg — | 


If we set 
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then the characteristic equation is found to be 


p 
8) ' L P rLC = 
When p > 0, i.e. when krg > 1, the roots are real and of opposite 
sign and the origin is a saddle point. When krg < 1 all the coefficients 
of (8) are positive and so we have a stable node or focus. The roots 
are real if p’rC > —4pL, and we have then a stable node; they are 
complex when the inequality is reversed and we have then a stable 
focus. In particular it is a stable node when Z is small and a stable 
focus when L is large. However when krg < 1 the expression ¢’(x) — 
1/kr never vanishes. Hence it is only when krg > 1, i.e. only when 


Z Daas 
lg ke 
Ig = (Va) z= 
: 
EN | 
| 
| a (x) —_— 
Vg 
Fia. 232. Fia. 233. 


the origin is unstable, that jumps may occur. Let us suppose explicitly 
krg > 1, so that the origin is a saddle point. 

Now (8) operates in three regions: Q: to the left of x = —21, Q2 
between the lines x = +2; and Q; to the right of x = 2. Since Qy 
and Q3 contain no singular point, and Q2 only a saddle point, none of 
the three regions may contain a (continuous) limit-cycle. Hence the 
system does not admit continuous oscillations. Any oscillation that 
may occur must be discontinuous. We shall prove that under certain 
simplifying assumptions such oscillations do exist. 

Let us then assume that the characteristic of the tube is linear 
over almost the entire region from zero to maximum (Fig. 232), so that 
in Qe (Fig. 233) we almost always have 


l 
: = stant = g>— 
¢’(x) = constan g> 7 


———»> X 
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while ¢’(z) = 0 outside of 22. The characteristic is curvilinear only 
over two small strips of width Az, containing x = zr; and z = —2, 
(shaded regions in Fig. 233). Within each strip the system is non- 
linear, but it behaves like a linear system between the strips and out- 
side them. These two regions must however be discussed separately. 


y 


me 
4 


Fic. 234. 


Region between the strips. The corresponding equation is (7) and 
the origin is a saddle point. The paths in this region are concentric 
hyperbolas and the asymptotes to the paths have the slopes 


ey LC(krg — | 
ears = (5) + Arg — . 
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The direction of motion along the paths is to be determined by refer- 
ence to the initial system (7). Fig. 234 gives the portrait of the paths 
in the region. 
Region exterior to the strips. The basic system is again (7) but 
with g = 0, or 
L r 


~ krLC L” 


v 
hho 


wy 
‘Ss 
.) ta 
aes ; 
r if , agy’ 
f t 
: ? 7 
4 J y' ne 


tr 


4 
bi 


RO 
a { 


with characteristic equation 
LOM? + rCA 4+ 1 = O 


and characteristic roots 
—rC + VC? — 4LC0 


mi 2LC 


In the whole plane the paths of (9) are those of a linear system with a 
node when r > 2>/L/C (Fig. 235) or with a focus when r < 2-/L/C 
(Fig. 236). In both figures the shaded part represents the portion 
between the strips of Fig. 234, and only the paths in the unshaded part 
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are to be considered. Here also the direetion of motion is obtained 
by referenee to the initial system (9). Upon examining the direetion 
of motions on the paths we see that whatever its initial position the 
representative point must sometime reaeh one of the verticals 
x= +2;. On these verticals ¢’(2z) — 1/kr = 0, hence both z% and y 
beeome infinite and a jump must oeeur. It will proeeed in aeeordanee 
with the relations (4). The first asserts that z(z) = ¢(2) — (a/kr) 


must not ehange. The graph of Fig. 237 shows that to x, there 
eorresponds a unique value —22 (2 > 0) sueh that 2z(z1) = z2(—22). 
Since z(—2z) = —2(z), similarly z(—2,) = z(z2) so that —2, will 
eorrespond similarly to z2. <As for y the seeond jump eondition (4), 
asserts that (%1,y:) goes to a point on the line of slope 1/Lk through 
(11,41). That is to say the segment from the new position to the old 
has the fixed slope 1/Lk. ‘Thus to eonstruet the new position one must 
merely draw a parallel to this direetion, and if the position before the 


$1) ONE DEGREE OF FREEDOM 261 


jump is on x = +2, [on x = —Z2,] find its intersection with x = —2z, 
[with 2 = +22] which will be the position after the jump. 

To simplify matters still further let us assume that the character- 
istic consists exclusively of rectilinear portions (Tig. 238). It is then 


x 
) 


Z ke 
2 = 9(x) 


I'tc. 237. 


easy to find the relations between the parameters of the tube and 2; 
and xz». In fact, as is indicated in Fig. 238, 2’/kr = 2’ = I,/2. On 
the other hand, 21/kr = V,/2kr = %,, where V, is the so called 
saturation voltage of the tube I, 1c. the voltage that must be 
applied to the grid of the tube to make the plate current increase from 


Z 2 eed 
X as; 
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zero to saturation. Then 


te/kr = 19 = 11 + 2(2’ — 11) 


2d, oe (2 y.\ 
cama "Xo Okr 


and hence 
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Consequently 
V, V, krI, l 
aes = Bit bot, = v.(RE 5) 
and finally 
(10) . L1 4 2 = krI,. 


The details of the construction are of course affected by the size 
of the inductance L. In particular certain approximate computations 


_ om 
—_— «amon om 


Fic, 239. 


proceed differently for L very large and L very small and so they are 
best discussed separately. 

L very large. The segments across the Jumps, whose slopes are 
1/kL, are almost horizontal. Since r<K2+/L/C the situation of 
lig. 236 prevails and the paths are as drawn in Fig. 239 where the con- 
necting segments are shown in dotted lines. Considerations of con- 
tinuity show that there must exist a pair of portions of the spirals 
whose extremities are closed by a jump thus producing a ‘‘closed”’ 
path (indicated in the figure with heavy lines) to which there corre- 
sponds a periodic motion. Upon examining the motions inside and 


§1] ONE DEGREE OF FREEDOM 263 


outside of this closed path one sees that it is stable. In fact, if the 
representative point moves along one of the internal curls of the spiral, 
it ‘jumps out’’ far outside and as a result the oscillations grow. 
Conversely, in the far removed regions, the system ‘“‘jumps out’”’ and 
remains after the jump inside of the spiral, within which it was 
situated before the jump, and as a result the oscillations dampen out. 
For some intermediary position there is compensation and steady dis- 
continuous oscillations are produced. Assuming nearly sinusoidal 
oscillations we can compute approximately their amplitude. Let 6 be 
the logarithmic decrement of the linear oscillations, Ay; the loss in y 
through a half oscillation, Ay2 the variation in y through a jump. In 
the periodic motion Ay; = Ayz. On the other hand 


) 
~s 1 
Ay, = —_ 2 Ayo = — = 
yi = yo(l —e *), yo= TF (t1 + 22) LL TL 
From this follows for the steady state amplitude F of the voltage at the 
terminals of the inductance 


xX rl, 
= Ly = >? SS 


kl — e 2) (1 — e 2) 


Finally, when kr(J,/V,) > 1 and 6 <1 this approximate formula can 
be simplified further as 


” 6 v 


It is interesting to note, that when 6 is small, yo = 2/,/m WLC, i.e. 
the ‘‘amplitude”’ yo decreases when L increases. We can calculate 
approximately the period of self-oscillations corresponding to the case 
under investigation. Along the spirals the representative point would 
pass, without jumping, from yo to yo, in a time 


2r 
T = — 
V/ w — je 


where w2 = 1/LC andh = r/2L. It takes however less time since the 
jump is “instantaneous.” The time saved may be calculated in the 
following way. ‘The region across which the system jumps, would be 
crossed by a linear system with almost constant velocity. This 
velocity is found approximately by means of (9) as £ = —kryo. 
Consequently, the time necessary to change x twice from 2; to 22, 1. 
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to vary z by the magnitude X is approximately the correction for the 
period: 


Thus the correction to the period is no longer a magnitude of second 
order with respect to 6, as in the case of an ordinary vacuum tube 
generator. It is quite important that when the damping decreases, 
i.e. when 6 decreases and L/r increases, the correction to the period 
does not tend to zero'but to a certain finite value which can be easily 
determined. Namely, when the damping is small, i.e. when 6 < 1, 
we obtain: 
2b 6 OL rTo 1% 


where T is the period of oscillations in a frictionless linear system. 
When L is large, i.e. when damping is small, 7’) = 7 (7 = duration of 
the “‘period’’ of damped oscillations) and consequently, the period of 
self-oscillations is approximately 7, = 7o/2 when L is large. 

L very small. The segments across the Jump are now almost 
vertical. Since r> 2+/L/C, the situation 1s as in Fig. 235. The. 
equation of the paths is (Chap. I, §6) 


(y — qix)% = Diy — qox)” 


where 
a= —h+Vh? — oi, do = —h—- Vi? — a3, 
_ l Pc: ] 
~ ORL "0 ere 


If h? is much larger than w3, we have approximately 


seh OU aoe en eee 
BS On ree BO EL 


where g; and q2 represent the slopes of the “integral lines,”’ correspond- 
ingtoD =Oand D= o~. A detailed construction shows that in this 
case also there must exist a stable periodic motion, consisting of two 
motions one with finite velocity, and the other of two jumps. Here 
again we have discontinuous oscillations. ‘Their amplitude can be 
determined at once since z varies from z2 to —2x; and from — 72» to 21. 
The variation of y can be determined as in the general case from con- 
ditions (4) for the jump. The detcrmination of the period is greatly 


$1) ONE DEGREE OF FREEDOM 265 


simplified when L is very small, more precisely when h? > w?. In this 
case the “‘direction”’ of the jump and the direction of the path y = qoz 
practically coincide (Fig. 240). We can assume that the motion has a 
finite velocity between the points a and b, and between the points c and 
d of the path y = —2hz = 2/kL (the system jumps from b toc and from 
dtoa). Since this motion follows equation (3) where ¢’(z) = 0, ie. 


y 
-X2 “Kyi Ky X2 


Fic. 240. 


the equation of a linear system, then 


£= —kry. 
On the other hand, we have y = 2/kL and, consequently, 
Ld 
dj= —2%. 
r 2x 
Hence the half period is 
My “ide L, a L ( I, :) 
ec = — | ae — oa | r 2 kr— —- —]} 
2 [. rx r On Li i a VY, 2 
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It is interesting to note that in this case the capacitanee C does 
not appreciably affect the period, for if h? >> wi, then C > 4L/r?. 
A sufficiently large capacitance does not affect the period of self 
oscillations. 

While we have only discussed, for convenience, the extreme values 
of L, the intermediary values are likewise amenable to treatment but 
with somewhat heavier mathematical machinery. Figs. 241a,b,c,d, are 


Fic. 241. 


pictures of the phase plane for decreasing values of L. These tracings 
were obtained with the aid of a cathode ray oscilloscope. ‘The char- 
acter of the periodic process represented in these photographs agree 
with our theoretical investigation. The lack of symmetry in the 
tracings is due to the difficulties one has in eliminating the asym- 
metry in the eircuits themselves. 


$2. SYSTEMS WITH TWO DEGREES OF FREEDOM DESCRIBED BY 
TWO EQUATIONS OF THE FIRST ORDER 


A system with two degrees of freedom is normally represented by 
two equations of the second order. Should both degencrate to the first 
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order the situation 1s as described in the title with possible discon- 
tinuous oscillations. A few examples will serve as illustrations. 

1. The Fruehauf circuit. In this circuit (Fig. 242) a substantial 
role is played by the circumstance that the tubes themselves are 
points of the closed circuits under discussion. ‘Therefore, one has to 
take into account the distribution of voltage between the tubes and the 
external resistances. This leads to the assumption that the plate 
voltage is a function of the plate current, 1.e., to take into account the 
plate reaction, which in this arrangement, plays the predominant role. 
Therefore, we shall assume here that the plate current is not only a 
function of the grid voltage but also of the plate voltage. Using the 


Fia. 242. 


notations of Fig. 242 and neglecting the grid currents (assuming that 
the two tubes are identical) we have: 


la, = S (ep, ae Dea,), 9, = Eg, — ta, 
Ve: = S (C0, oF Deéa,), €g, = Eg, 4 Ita, 


1 t 

Ne Se 67 A Bape ate 

ea, = Eo, — Ris, Ge jay) al 
l t 

€a, = Ka, + Rta, +4 ta —_ lay) dit 
C Jo 


where é, and éq,, @, and é4, represent respectively the grid and the 
plate voltages of the tubes I and II and 1/D is the amplification factor. 
We shall assume that the characteristic of the tube t = f(és) = 
fle, + Des) is such that the inverse function e. = (za) is single- 
valued. If we set 


; ; U 
1a,lt = I, 1a,lt moma Q («) aa ¥(u), 
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we have 


t 
Ey, + Dia, — y — Dx — s a (x — y) dt = $(t,) = ¥(2), 
(11) 
Ey, + Dia, — & — Dy + oF aan (x — y) dt = $(ta,) = ¥(y). 


These relations may also be written 


D f° Z 
(12) Ey, + DEa, — y — Dx — CR I (x — y) dt = ¥(z), 
(13) £,, + Ey, + D(Ea, + Ea.) — (y+ z)(D + 1) = vz) + Hy). 


The last relation can in fact be read off from the circuit diagram. 
It shows that the representative point (z,y) must remain on the curve 
(13) which we denote by IT. Wesee here that we are in fact in presence 
of simple degeneracy. This is brought out more clearly in a moment. 
Differentiating (11) yields the system 


—Dxz-y 

ay ~ GR an +P FY 
(14) , D 

Y= Gp’ aa VG) AD +1) 


A(z,y) = (Y'(z) + D)(Y’(y) + D) — 1. 

Since x and y are related by (13) we may imagine (13) solved for y in 
terms of z. Then upon substituting in the first equation (1+) there 
would result an equation of the form z = f(z). Thus essentially a 
non-degenerate system of two differential equations of order two has 
degenerated to a single one of order one—this is the simple degeneracy 
already mentioned. ‘The process just indicated cannot generally be 
carried out effectively as (13) 1s not generally solvable in closed form 
for y. For this reason it is Just as well to deal directly with (14) 
remembering however that the representative point j/(z,y) is on the 
fixed curve [. We shall see that here also discontinuous oscillations 
can arise. 

Let A denote the curve A = 0. As the point .W describes T and 
reaches A at Afo(r0,yo) both and y become infinite and a jump may 
occur to Af,(21,y1).. Upon expressing the constancy of the capacitor 
voltage as the current undergoes a jump one obtains the relations 


(15) yo + (x0) + Dao = yi + ¥(a1) + Dai, 
Zo + W(Yo) + Dyo = 211 + YY) + Dyn. 
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From this follows that (D + 1)(2 + y) + (az) + Y(y) has the same 
value at Af; as at Mo, and hence that Af remains on I as one should 
expect. Assuming also that AZo describes A, the relations (15) assign 
to each position of Mo one of Af, and their totality generates the curve 
B. The general disposition of the curves is in accordance with Fig. 
244. Under the usual restrictions on the characteristic » both curves 
are closed. 

To obtain further insight into the question it is necessary to adopt 
a suitable analytical expression for the characteristic. Let us assume 
that it is approximated by 


i, 3 
+ — arctan — (€s — Us), 
a v 


8 


where J, is the saturation current, v, the saturation voltage, and 
Cy = 7 + De, the directing voltage. Solving for v, and using the 
notations introduced earlier, we obtain: 


= — * got 7 ~~ * cot 7 
Y(r) =v, 3 cot RI, W(y) = Us 3 cot RI, 


o 


For the sake of convenience let us pass to dimensionless magnitudes by 
introducing the new variables 


T T D 
= 1 
RI,’ 


As a consequence (14) is replaced by 


Dataoa 
du sin? y 
= S20) Se 
dr A(u,v) 
(16) . 
D+1+-— 
dy _ — sin? vu 
po oe A(u,v) 


with the relations 


(D + 1)(u+v) — a(cot u+ cotv) = c¢, 


a a 
= — |. 
AMD) (v T sin? -) (0 a sin? ) 
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For the jump we have 


v1 — a cot w+ Du, = vo — a cot uw + Duo, 
U, — acotv+ Doi = uo — a cot vo + Doo. 


The constants a and c’ are given by 


i /‘— ae f { — 
a= 3RI. C RI, (E,, + Ey, + Diba, + Ea,) — 202) 
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The singular points of the system (16) are determined by 


(u — v) sin? u ((D + 1) sin? v + a) = 0, 
. (u — v) sin? v ((D + 1) sin?u+ a) = 0. 
These equations give the coordinates of the four following singular 
points (Fig. 243): 


I. (w=0,v=0); Il w=0,v=7); 
Il. w=-7,v=0); IV. (u=7,v=7). 


The investigation of these singular points shows that they have a 
complicated character being in fact of the third order (Chap. V, §4). 
Since the plate current can vary within the limits 0 < 2 < J,, only 
the portion of the phase plane defined by the inequalities: 


Ofuc-e; OSv€4r 
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has physical meaning. In this region the paths behave in the vicinity 
of the singular points as if the points II and III were nodes and the 
points I and IV saddle points. Let us investigate the curves A,B and 
the paths. In the plane the curve A is a closed curve symmetrical 
with respect to the lines: 


Uu=v; Uubv=; = 7/2; = 7/2. 


The curve B constructed graphically is also symmetrical with respect 
to the lines u=v and u+v=n7. The paths consist of curves 
symmetrical with respect to the line u-+v= 7 and each is also 
symmetrical with respect to the line u =v. The motion of the 


Fig, 244. 


representative point Jf has the following character: starting from an 
arbitrary point, a for example, it moves along the path and comes to 
the point b of the curve A; from there the representative point Jumps 
to the point c of the curve B. Then, continuing along the same path 
it returns to the point d on the curve A, and from there ‘‘jumps”’ to 
the point e. Then it follows the path up to the point 5, etc. 

Let us determine the values of the parameter for which there arise 
discontinuous oscillations. They can obviously take place if: (1) 
the curve A has real branches, (2) the path I intersects A. One can 
show that A will have real branches if a <1-— D. The second 
condition will be satisfied if: 
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: a l1—- D—-a 
2(D + 1) arcsin 4|—— — 2a pet < ¢’ 
| cea Be a 
l—- D—<« 
< 2(D + 1) (+-atesin V5) + 2 fiat ae 
1—D a 


where the values of arcsin correspond to the first quadrant and the 
radicals are taken positively. The calculation of the period of oscil- 
lations in the motion along an arbitrary path meets with appreciable 
mathematical difficulties. For this reason we shall merely carry it out 
for the path which is the diagonal line u+v=-7. Then 


a 


D+1+ 


du —dy sin? u 


St ee 
(p +— ) =] 
sin? u 
and therefore the period @ is 


dr dr 
“1—D) - du 
@:=2 du + 2a 


u mw — 2U ue (2u — 7) sin? u 


where up and wu; are respectively the coordinates of the intersection 
points of u + v = 7 and the curves A and B. Sincea <1 one may 
neglect the second integral. Passing then to the ordinary time scale 
we finally obtain for the period the following approximate formula: 
1—D Tr — 2Uo 


log 


T = RC 
D w — 2uy 


2. Amplifier with RC-tuned feedback. This circuit of Haegner 
does not give rise to discontinuous oscillations and is only discussed 
here with our usual simplifications for a later purpose. It represents 
at all events a twice degenerate system with two degrees of freedom. 
In fact, 1f we neglect the plate reaction and the grid current and use 
the notations for the currents and voltages described in Fig. 245, we 
can easily obtain the two following differential equations of the first 
order: 


= _ Rt r= Rrkgl bri) | R= Berkel (erin) 


RrC. - RrC, om 
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We can see at once that in the case under investigation 7; and 22 remain 
finite when 2; and 2 are finite and that consequently, the currents can 
have no Jumps. On the other hand, for the circuit under consider- 
ation, this system possesses only one singular point: 7; = 0, 7, = 0. 
Setting as before $’(0) = g > 0, the characteristic equation for the 
origin reduces to 


C, R+r— frke) 1 1 
2 oa eee es ee ee en ees 
es (@ = R See 


This equation shows that the origin cannot be a saddle-point but only 
Halt! a(t 


SS) Wie Ed L, 
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a node or a focus. It will be unstable when and only when 


Rrkg — (R +1) 5 Ce 


(18) R C, 


If this inequality is ‘‘ weak’’ we have an unstable focus, if the inequality 
is ‘strong’? we have an unstable node. The infinity in this case is very 
unstable. In fact, at high voltages, the tube reaches saturation and 
ceases to work. Therefore in far removed regions, the scheme behaves 
as a linear system possessing a stable node. Consequently, the paths 
will all proceed from infinity into the region of finite 7; and 7. If the 
unstable singular point is situated at the origin, there exists at least 
one stable limit-cycle. If the characteristic decreases monotonically 
with a steep slope, this stable limit-cycle will be unique. To find the 
limit-cycle we can apply the isocline method, and it is shown in Fig. 
246. In this scheme the oscillations are not only continuous but also 
similar to sinusoidal oscillations, since the limit-cycle is very similar 
to an ellipse. When the excitation is stronger (the inequality (18) is 
“stronger’’), the shape of the limit-cycle is deformed and the oscil- 
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lations diverge more and more from sinusoidal oscillations. They 
remain, however, always continuous. 


D) 


Agr. 
Yt 


Fig. 246. 


Fig. 247, 


3. Multivibrator. In the circuit of Abraham and Bloch, known 
under the name of multivibrator, discontinuous oscillations can take 
place. In this scheme (Fig. 247) one neglects the grid current and the 
plate reaction and one assumes the circuit symmetrical. In the 
notations of the sketch we have the system: 
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11 12 
R =a —- / is — 
(R + r) a rRo' (rte) C 


(19) es rR" (ris) 6 (ria) — (R + 7)? 
1 . 
a (R + a — PRO! (ris) 7 
= 


r?R2$" (rir) d! (ris) — (R +7)? 
This system is of the form 


Pini) + QUéayis). 


1 = = 


Riis) Raat) 


It has a single state of equilibrium at the origin 7; = 7, = 0. There 
are other common solutions of P = Q = 0 but where they occur likewise 
k = 0 and so they do not represent true states of equilibrium. 

Let us look for continuous closed paths. They are the same for 
(19) as for 


di, dt 
PQ 
or for 
(20) =P, Sa 
dr T 
Since 


aP dQ AR+7r) 
9, | is 7 it 


the Bendixson criterion asserts that (20) has no continuous limit 
cycles, and so the same holds regarding the system (19) itself. 

The characteristic equation for the origin is 
pe) a, 
C((R + r)? — r?R%qg?) C2 (RR +r)? — r?R2Q?) 
where g = ¢’(0) > 0. The characteristic roots are easily seen to be 
always real and so the origin is either a node or a saddle point. When 
k++ r< _rRg the roots are of opposite sign and we have a saddle point. 
When R + r > rRg the roots are both negative and we have a stable 
node. However if rRg = rRd¢'(0) > R+,r then for some values 

11,12 We must have equality, that is to say we must have 


r?R2o' (111) (raz) = (RR + 1)? 
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i.e. for certain values of 7; and 72 the denominator /¢(21,22) = 0, which 
means that 2; and 22 become infinite and the current in both circuits 
varies abruptly. Thus, on the one hand there are no continuous 
periodic solutions, and on the other the system can experience Jumps 
and, consequently, discontinuous periodic solutions may possibly take 
place. The point a(7},7,) where the system jumps satisfies the relation: 


(21) Riis) = Rg! (ri) d/ (ra) — (R+ 1)? = 0 


If ¢’/(0)rR > R+7r and ¢'(rz) decreases monotonically on both sides 
of zero, (21) represents a closed curve TI’ surrounding the origin and 


IG. 248. 


symmetrical with respect to the axes (ig. 248). The point A (77,72) 
to which the representative point jumps from the point @ on the 
curve TI is determined by the condition for the jump, according to 
which the voltages of the plates of the capacitor 


Vi = EF — Ro(rie) — (R + ri, V.= EF — Ro(ryy) — (R+ 1r)te 
do not change. Ilence the relations 
Ro(rtg) + (R + ryt = Ro(riz) + (R + r)ty 
Ro(rt;) + (R +r), = Ro(ri{) + (R + r)ty 


Given the point a these conditions determine A uniquely. As a 
describes the curve I, A describes a curve I’ (Jig. 248) representing 
the geometric locus of points to which the system Jumps. I’ is a 
closed curve surrounding I and it is likewise symmetrical with respect 
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to 71 = +t. ‘The representative point coming from any region in 
the phase plane reaches the curve I’ at the point a, for cxample. It 
proceeds then along Ab,Bc,Cd, etc., with jumps from a to A, from 
b to B, from c to C, etc. One can show that during this motion the 
systcm comes closer and closer to a periodic process consisting of 
two continuous motions, from © to o and from = to w, and of two 
Jumps, from w to 2 and from o to 2. This periodic motion con- 
tinuously satisfies the symmetry relation 7; = —7. The symmetry 
in the oscillations is the result of the symmetry in the circuit. 


Fic. 249. 


We could have assumed from the beginning that in the steady 
state the oscillations are symmetrical in 7; and 7 and therefore, in 
one of the equations (19) set 7 = 7; = —%, hence ¢/(rt1) = ¢' (7722). 
As a result we would arrive at one equation of the first order 


a 


(rRe'(ri) — (R +n = i 


We have already investigated equations of this type (sce Chap. IV, 
S11) when we studied oscillations in a system with one degree of 
freedom. Thus the differential equations of a symmetrical multi- 
vibrator are reducible to an equation of first order. This mode 
of treatment however docs not extend to non-symmetrical initial 
conditions. 

Observe that while the symmetry assumptions for the oscillation 
have substantially simplified the discussion, they wcre not necessary. 
In the general case, however, symmetrical schemes with two degrees 
of freedom lead to two equations of the second, and not of the first, 
order, i.e. to a very complicated mathematical problem. 

The assumption of symmetry is quite well verified in practice if 
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the circuit itself is sufficiently symmetrical. This is the case in the 
so-called ‘‘multivibrator with inductance”’ (Fig. 249) utilized in the 
Measurement of radio-frequencies. It leads to the following two 
equations: 


rLd’ i) 2 + DS ttt g [aa i, 


rbd’ ont gt! gf inet 


i. 


If we assume that the oscillations in the circuit are symmetrical, 1.e., 
that 71 = —72, we find here 


L[l — r¢'(ri)}e + ri + ” | rdt = E. 


This equation is completely equivalent to the system at the beginning 
of §1 with one degree of freedom, which includes L, C and r. Hence 


ey yy! 


Tear va ag net a | 


(=) tin , 


C, 


Fic. 250. 


the conclusions obtained there are applicable here, save that one must 
make k = 1. 

We have examined two schemes, one of which can experience only 
continuous and the other only discontinuous oscillations. There 
exist, however, schemes in which continuous oscillations change to 
discontinuous oscillations when a certain parameter varies. Take 
the ‘universal scheme” (Chap. V, §3) of Fig. 250. If we move the 
contact k along the resistance 7, and the ratio 8 = ri/r, r = ry + 12, 
reaches a certain value, the node is transformed into a saddle point. 
At the same time continuous oscillations are transformed into dis- 
continuous ones. This situation is clearly brought out by reference 
to the general equation of the scheme 


— 11 19 ? 


(1 — pyrG, * (— Ayr, 


11 = 
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(Br -+ hh — kro’ (kr(ai+ Bia) Fa —{r+R—krh¢' (ler(i1+ Bin) I 
: 2 
r(l — B){R + Br — BkrR¢' (kr(i; + Biz))} 


Upon writing down the characteristic equation it is found that when 


R 1 
B< Bae = eR the singular point represents a focus or a node 


— 


and the system will have a limit-cycle. When 8 > £,,, the singular 


2, 


; 


Ly / \ 
in 


ss ? \\ 

di | N add le ar 
Wr 
JI i 
\\ 


Fig. 251. Fia,. 252. 


point becomes a saddle point, and the limit-cycle disappears. How- 
ever as 22 can become infinite the current i; may undergo a jump and 
the system experience discontinuous oscillation analogous to those 
discussed in the previous paragraph. Figs. 251 and 252 describe the 
two cases. 


§3. SMALL PARASITIC PARAMETERS AND STABILITY 


In the systems reducible to two equations of the first order stability 
has always been governed by the nature of the roots of a characteristic 
equation of order two 
(22) 12+ 0S +c = 0. 


Let us suppose however that as a consequence of disregarding certain 
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small parameters such as resistances, etc., the system reduces to a 
single equation of order one and that in (22) this makes = 0, reducing 
the equation to 


(23) bs +c =0, 


with A still a state of equilibrium. While b and c may well depend 
on A, we will suppose, for the sake of simplicity, that they are poly- 
nomials b(A), c(A) in A and that 6(0) # 0. Now it may well happen 
that (23) asserts that the equilibrium is stable while (22) does not. 
It would certainly be important to know the “‘true”’ situation. Unfor- 
tunately in real physical systems the true situation is never known. 
All that one can do is to ascertain whether the verdict ‘‘stable”’ is to 
be modified if certain reasonably obvious stray impedances are taken 
into consideration. 

To find out where we stand let us calculate approximate values for 
the characteristic roots of (22) under the assumption that » is very 
small. Notice first that 


ne re\? Dr 222 
a/b? — 400 = (1-4) - fioure wey) 


where the expansion is according to the binomial theorem and valid 
for |4Xc/ b>| <1, and certainly for \ very small. We may thus write 


a 2d 
/5? — fre = b - 4 2kn?, 
where |k] is bounded as \ > 0. As a consequence the roots are 


ZAC 

tees Shi pret Ope 

5 - Dot VR Re Fa p ) 
— Qn 7 ar 


or finally if So) = —c/b = the root of (23): 


Si = — 5 + EX = So + Bd = Ge, 
b 
Ss=-\ ths —-> 


where A is bounded as A — 0. 
We may manifestly suppose \ > 0. Under these conditions we 
have: 
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Condition for stability according to (23) So = —c/b <0, i.e. 
b and c of same sign. 

Conditions for stability according to (22): So and —b/d < 0, ive. 
b and c both positive. 


Fig. 253. 


7 


Consequently whenever 6 and c are both negative there is: 


stability in accordance with (23), i.e. in accordance with the 
degenerate system caused by disregarding the small parasitic 
parameter ); 

instability in the form of a saddle point in accordance with 
(22), i.e. when the small parasitic parameter \ is taken into 
consideration. 


We have then precisely the contradiction already mentioned. 
That the situation described above may actually arise in practice will 
now be shown by two examples. 


i t ly 
Fig. 254. 


1. Consider a circuit containing a voltaic arc fed by a d.c. voltage 
supply (Fig. 253), and containing besides the battery and arc, a 
resistance /?, an inductance L, and a capacitance C. Let the charac- 
teristic of the arc (dependence of V, on 7) be Vz, = (2) (Fig. 254). 
The basic equations are 
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(24) CV = a i 6G = V — YQ). 


The equilibrium states are given by y¥(2) = # — Fz, and may be 
obtained as the intersections of the curve V = y(z) with the line 
V = l — Ri and there may be one or three intersection points. Let 
(t0,Vo) be one of the points. Transfer the origin to the point, or 
equivalently substitute 7 +2 and Vo + V for 2,V in (24). At the 


Fig. 255. F ia. 256. 


same time expand ¥(7¢) + 7) in power series keeping only the first two 
terms. As a consequence we have the first approximation system 


V a » V w'(o) ; 


2 ee 

(20) = oR Ge ae 

The characteristic equation is, with ¥’ = y’(zo), 
ree 

(3 eae ee 1 —]=0 

on es (et *) se Fs a 


Obviously, the character of the singular point, and consequently, the . 
equilibrium state, depends on the sign of y’, 1.e. on the slope of the 
characteristic at the point corresponding to the given equilibrium 
state. Consider now the points 1,2,3 of the figure. Point 1 is always 
stable since ¥’(t1) > 0 and hence all coefficients are positive. The 
roots of (26) are both real and negative or else both complex. Hence 
this equilibrium state is either a stable node or a stable focus according 
to the relationship between L,C,R and y’(2,). The diagram shows 
that Y’(z2) is negative at the point 2 and in absolute value > R. 
Hence 1 + '(t2)/R < Oso that point 2 is a saddle-point and the corre- 
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sponding equilibrium state is always unstable. Finally, y’(z3) < 0 
at the point 3, but its absolute value <R. Consequently, 1 + ¥’(73)/R 
> 0, 1.e., the singular point 3 can also be either a focus or a node. 
This singular point is unstable when ly’ (as) /L| > 1/RC, and stable 
when this inequality is reversed. Since y’(73) is relatively small (the 
characteristic, although dropping, has a very slight slope), the equi- 
librium state 3 is always unstable when L is small, and always stable 
when Cis small. In general, the passage from a stable to an unstable 
equilibrium state takes place at this point only for a certain “‘critical”’ 
value of the varying parameter (R, L or C). Thus, when there are 
three equilibrium states, their respective stability properties can be 


ye 7? \ 


qun 
—_— 
C 
—— 
as 3) 
ence 


ie 


| 


Fia. 257. Fia. 258, 


represented by one of the tio possible combinations of Figs. 255 and 
256. Let us examine now whether the character of these equilibrium 
states is affected by disregarding C or L. The corresponding diagrams 
are shown in Figs. 257 and 258. Both schemes were investigated in 
Chap. IV. Referring to it we find that the equilibrium states remain 
the same in all three cases: LD ¥ 0, and C #0; C=0 and L #0; 
C +0, L =0. Nothing is changed when we pass from the first 
to the case where C = 0; as far as the stability of these equilibrium 
states is concerned, the equilibrium states 1 and 3 remain stable and 
the equilibrium state 2 remains unstable (as in the case when C is 
small but #0). Passing however to the case L = 0, the equilibrium 
state 1 remains stable, and the equilibrium state 3 is unstable (as in 
the case when ZL is small but different from zero). The equilibrium 
state 2, however, is changed from stable for L = 0 to unstable for 
L ~ 0 (also C # 0), however small L may be. To see exactly what 
happens write the characteristic equation (26) as 


J ¥) 1 
/ . 2 ais _ _—__— / — 
(26’) C—-0: Cy tyGeck + rp + kh) =0, 


" ; 2 fb / tj ! = 
(26") L-0: Ly tr Fav)+ ke lt) =O 
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where y’ stands now for y’(z2).. When C or L become zero, the order 
of the characteristic equation decreases and the new equation of first 
order has only one root. Since ¥’ and y’ + R are both negative we 
see that C = 0 does not modify the stability situation at the point 2 
(it remains unstable), but L = 0 does. In other words as regards 
stability it is safe to neglect the stray capacitance but not the stray 
inductance. 

We see then that without an adequate verification, the equilibrium 
state under consideration could be easily mistaken for a stable state. 
This error has actually been made by Friedlander, who gave a voltaic 
are in a circuit without inductance as an example of the existence of 


Fig. 259. 


two stable equilibrium states on the phase curve. He considered the 
saddle-point as a stable equilibrium state while in reality it only 
‘“‘appears’’ to be stable. It is interesting to note that in another 
paper, Friedlander indicates the possibility of disrupting the stability 
of the equilibrium state by the introduction of an arbitrary small 
source of energy. 

2. Consider now the circuit with electronic tubes represented in 
Fig. 259. We shall assume that the characteristic of the tube I has 
a long linear region. The function of this tube is to shift the phase of 
the apphed voltage by 180° and to amplify this voltage by a factor k. 
We introduce a curvilinear characteristic for the tube II and assume 
that Io, = ¢(krz). Upon neglecting the grid current and the plate 
reaction, one obtains for the circuit under investigation, two Kirchhoff 
equations: 


; 4 
[=i Lig ni-n-Li-2t f ia=o 


§3] SMALL PARASITIC PARAMETERS 285 


or after some simple transformations 


> Ro(krt) - (R+1r)i-— V . 0 
oa ~ L+L' — Lkre'(kri) aan 


The unique equilibrium state of this system is 7 = 0, Vo = R¢(0). 
Let o(z) = (0) + 7¢’/(0) + - + +: . Setting g = ¢’(0) = the grid- 
plate transconductance characteristic at the point 7 = O and replacing 
V by Vo+ V in (27), we have the first approximation 


p =r-+ R(1 — gkr), A= L'+ L1 — gkr). 


The characteristic equation is 


Ay? + py + 7 = 0 
which is like (22) with b and c constant and, as we shall assume, 
p #0. A slight change may occur however in that > need not be 
positive. We have the following possibilities: 

4 > 0. Node or focus which is stable when p > 0 and unstable 
otherwise. 

4 <0. Saddle point. 

4 = 0. Stable point for p > 0, unstable point for p < 0. 

Thus we see that for p > 0 and X arbitrary but small the same 
contradiction arises asin the previousexample. Here again neglecting 
the two stray inductances L,L’ gives rise to the wrong stability deci- 
sion. The error caused once more by “our being naive”’ is even less 
avoidable than in the previous example. In fact suppose first that 
there is a stray inductance in the resistance circuit, but not in the 
capacitance circuit, i.e. that L ~ 0, L’ = 0. Suppose moreover that 
1 — krg < 0, but that R is so small that p = r+ R(1 — krg) > 0. 
Then, according to our ordinary criteria, the equilibrium state is 
stable when L = 0, but for LZ very small it loses its stability and 
becomes a saddle-point. Therefore in a physical system such an 
equilibrium state is ruled out. However inductance, although small, 
must be present in the capacitor circuit, i.e. in a real system we neces- 
sarily have L #0. If we take into account L’, we do not disrupt the 
conditions of stability satisfied by the equilibrium state of the degener- 
ate system when L = 0 and p > 0; we can even return the stability 
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to the equilibrium state which became unstable owing to the presence 
of the inductance L. In fact, if L’ is large enough to have \ = L’ + 
L(1 — krg) > 0, although 1 — krg < 0, the equilibrium state which 
was unstable for L # 0 and L’ = 0 will be stable. Thus stability is 
affected not only by the presence of parasitic parameters but also by 
their ratios. 

Generally speaking there exists a range within which we do not 
know anything about the equilibrium state. In our example it is the 
range for p limited by the values: r > p > 0. In this range 1 — krg 
< 0 and therefore, the stability of the equilibrium state depends on 
the values of parasitic parameters which cannot be taken into account. 
Therefore, when we are investigating the degenerate system and 
determine for this system the excitation condition, i.e. the condition 
of instability p < 0, we must take into account the regions of ‘unde- 
termined”’ equilibrium states extending from p=rtop=0. It is 
quite possible that the so-called “parasitic self-excitation’’ which can 
appear and disappear in a given circuit without appreciably affecting 
the parameters of the circuit, is often due to small variations of the 
parameters in these regions of ‘‘undetermined’’ equilibrium states. 

The presence of the parasitic parameters can also cause a ‘‘mix-up”’ 
regarding other stationary states. Our scheme may serve as an 
example of this situation. In the region where the equilibrium state 
is stable Gvhen p > 0 and A > 0) the system does not possess other 
stationary states. In other quadrants, where the equilibrium states 
are unstable, other stationary states can exist, namely, when L’ = 0, 
there must necessarily exist in the second quadrant the stable ‘‘dis- 
continuous limit-cycle,”’ described in Chap. IV. However when the 
stray inductance L’ is brought in, ‘‘jumps’’ become impossible and the 
“discontinuous limit-cycle” disappears (A, however, may remain 
negative and the equilibrium state may remain unstable). In the 
third quadrant (when p < 0 and dX < 0), a continuous limit-cycle can 
never exist (because the unique singular point 1s a saddle point) when 
L'=0 and L #0. However if besides the parasitic L there exists 
also a stray L’, we have \ > 0 when p <0 (fourth quadrant) and 
the hmit-cycle must necessarily exist (the singular point is an unstable 
focus or node and infinity is unstable). Thus, often we cannot assert 
definitely that there is a limit-cycle merely because we do not know 
the relationship between various parasitic parameters of the system. 


CHAPTER VII 
Systems with Cylindrical Phase Surface 


$1. CYLINDRICAL PHASE SPACE 


The description of the behavior of a dynamical system by means 
of a phase space requires a one-one correspondence between the states 
of the system and the points of the space. ‘This establishes a certain 
relationship between the nature of the physical system under con- 
sideration and the properties of the geometric form, representing the 
phase space of the system. Up to now we have been investigating 
physical systems (with one degree of freedom) whose phase space can 
be represented by a plane. In general, however, the plane will not be 
satisfactory, as is scen by considering the system consisting of the 
ordinary pendulum. Here the state of the system is determined by 
the angle of deviation from the equilibrium position, and the velocity 
of the pendulum. If we restrict ourselves to motions which do not 
exceed one revolution, no difficulties will arise if the phase space is 
taken as a plane. But when the angle of deviation is increased by a 
multiple of 27 we obtain a state identical with the original state. Ina 
phase ‘‘plane”’ we would have an unlimited number of points corre- 
sponding to the same physical state of the system. Since the neces- 
sary one-oneness of the correspondence does not hold, a planc is not 
in general a suitable phase space for the pendulum. 

In many cases the difficultics discussed above may be overcome 
by taking a cylinder as the phase space. In particular, for systems 
whose position is completely defined by their deviation angle, the 
condition of one-one correspondence jis satisfied when the phase space 
is a cylinder whose axis coincides with the y-axis. Since such systems 
occur often, these cylindrical phase surfaces are of considerable 
intcrest. In the following paragraphs we discuss several systems of 
this sort and construct the corresponding phase portratts. 


$2. A CONSERVATIVE SYSTEM 


Consider an ordinary pendulum with linear friction (i.e. propor- 
tional to the velocity) under the action of a constant torque Mo. 
The motion of the pendulum is given by an equation of the form 


16 + b6 + mga sin 0 = Mo 
287 
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where J is the moment of inertia, and b the moment of frictional forces 
when the angular velocity equals unity. The change of variable r = 


t~/mga/I gives 


d?6@ dé 
1 — in@—B=0 
(1) =z ta— t+sin@— 8 
where 

b AM 


> 0 and B= > 0 


= SS 
UV imga mga 


We will find later that equations such as (1) represent a large variety 
of physical systems. 

In order to investigate (1) we introduce a new variable z = dé@/dr, 
thus obtaining a system of two equations of the first order 


dz dé 
— = —az — sin 6 + 8, ae, 
dr 


Eliminating 7 we get one equation of the first -order 


(2) 2 = —az—sin@é@+8 
wherc @ and z are the coordinates of the cylindrical phase space. 

In order to construct the phase portrait. of the system under con- 
sideration we must examine the singular points, the separatrices, 
and the closed paths corresponding to the periodic motions. In the 
case of a cylindrical phase space there may occur two kinds of closed 
paths: (a) Closed paths of the first kind. They are the “ordinary” 
closed paths surrounding the equilibrium states without going around 
the cylinder, and they are completely analogous to the closcd paths 
in the phase plane. (b) Closed paths of the second kind. ‘They go 
around the cylinder without surrounding the equilibrium states. 
Obviously both kinds of closed paths correspond to periodic motions, 
and all of them must be known in order to construct the phase portrait 
on a cylinder. 

The closed paths of the second kind correspond to periodic solu- 
tions of (2). Since the period is 27, they must satisfy the condition 
z(6o + 27) = 2(@) for all values of 4. In order to discover such 
periodic solutions, one might try to find two particular solutions z;(@) 
and z2(@) which for all values of 69 satisfy the incqualitics 


21( Bo + 27) 2 21(8o), Z2( Ao + 21) < z2(@o). 
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Then, if there are no singular points between the paths corresponding 
to these two solutions, and since the solutions are a continuous function 
of the initial conditions, we see that between z,:(8) and z2(@) there must 
exist a periodic solution for which 


z(0o + 27) = 2(6o). 


Consider first the special case where a = 0, so that the system is 
conservative. In this case the equation (2) takes the form 


ae 
a sin @, 


which upon integration yields the solution 


42" 


cos 0+ 60+ & 


or 


z= + ~/2cos 6+ BO) + C. 


In order to facilitate the construction of the paths on the cylinder, 
we shall consider also an auxiliary (@,y)-plane on which we trace thie 
curve y = 2(cos 6+ 80). We then develop the cylindrical phase 
surface and place it under the auxiliary (@,y)-plane. ‘The construc- 
tion of the paths in the plane (6,z) is then reduced to the following: 
give to C different values, take the square rout of C + y, and mark 
these values on the z-axis on both the positive and negative side. For 
a given value of C, there will correspond to every value of y for which 
y+ C>0, two points on the (6,z)-plane, whereas for those y for 
which y + C < 0, z will be imaginary, and there will exist no corre- 
sponding points on the (6,z)-plane. 

The above construction will give different results for different 
values of 8. When 8 = 0, ie. y = 2 cos 8, we obtain the picture 
represented in Fig. 260. For C = —2 we obtain one puint 6 = 0, 
z = 0, which isacenter. For —2 < C < 2 we have a series of con- 
centric closed paths with a vertical tangent atz = 0. For C = 2 we 
get two curves which cross each other at the points @ = rand 6 = —r. 
These intersections are saddle points and the curves themselves 
separatrices. For C > 2 we have curves which never cross the @ axis, 
and finally for C < —2 there are no paths whatever. On the cylin- 
drical phase surface the picture is as represented in Fig. 261. All the 
curves situated within the separatrices are closed curves surrounding 
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the center. They correspond to closed paths (periodic motions) of 
the first kind. The curves passing outside the separatrices (C > 2) 
are closed paths of the second kind. 


Fic. 260. 


Fic. 261. 


When 8 ~ 0 we obtain different pictures according as 6 < 1, 


B=1,or8> 1. In any case we begin by constructing on the auxil- 
lary plane the curve 


(3) y = 2 cos 6 + 288. 


Case (a): 8 <1. Here (3) has a maximum at the points where 
6 = arcsin 8 + 2kz anda minimum at the points where @ = — arcsin 8 


§2] A CONSERVATIVE SYSTEM 291 


+ (2k + 1)r. Then we obtain (Fig. 262) a center, a saddle point, 
and one separatrix. On the cylinder the picture is as represented in 
Fig. 263. The curves within the separatrix are closed curves corre- 


y 
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Fic. 262. Fria. 263. 
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Fic. 264. Fic, 265. 


sponding to periodic motions. The curves situated outside the 
separatrix do not close on the cylinder since, when @ is increased by 
27, z does not return to its initial value and is, in fact, increased in 
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absolute value. Consequently, there are no closed paths of the 
second kind. 

Case (b): 8B = 1. In this case (8) possesses neither a maximum 
nor a minimum, but has an inflection point with a horizontal tangent 
when @ = 7/2. Thus we obtain (see Fig. 264) one singular point 
of higher order. In this case there are no closed paths whatever 
(Fig. 265). 

Case (c): 8 > 1. Here (3) increases monotonically and possesses 
neither extrema nor inflection points. Hence there are neither singu- 
lar points (Fig. 266) nor closed paths on the cylinder (Fig. 267). 


Y gay 


Fig. 266. Fic. 267. 


The physical interpretation of the above is clear. When 6 < 1, 
the constant moment is smaller than the largest moment of gravity 
and displaces the lower equilibrium state by less than 7/2. Then, for 
sufficiently small initial deviations (and initial velocities), oscillations 
around this displaced equilibrium state are possible. If the initial 
deviation is large, then the action of the constant exterior moment 
will cause the pendulum to pass through the equilibrium position, to 
move farther in the direction of the constant moment, and the velocity 
of the pendulum will increase after every revolution. 

On the other hand, when 6 > 1, the external moment is greater 
than the largest moment of gravity. In this case oscillations are alto- 
gether impossible, and regardless of the initial conditions the pendulum 
will finally rotate in the direction of the constant moment. Its 
velocity, although not varying monotonically, increases after every 
revolution. 
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S3. A NON-CONSERVATIVE SYSTEM 


We now pass to the case a ¥ 0, so that the system is nonconserva- 
tive. The differential equation of the paths on the cylinder may now 
be written 

dz 
4 zZ— = —az — sin @ 
(4) dé a + B, 


or also 
dz —az—sin@+ 86 
do 2 


It cannot be integrated directly, and we are forced to a mere quali- 
tative study of the paths. 
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Fia. 268. Fig. 269. 


The isocline dz/d@ = O has the equation 


_ B— sin 6 


(5) zZ 
and represents a displaced sinusoid. It crosses the @-axis only when 
B <1 (Fig. 268). Also dz/d@ > 0 between the sinusoid and the 
§-axis (i.e. in the shaded regions of Figs. 268 and 269), and dz/dé < 0 
elsewhere. The coordinates of the singular points are defined by the 
equations 


8 4 


B — sin 6 = 0, z= 0, 
and are as follows: 
Points By: 6 = 2kr + 4, ree, 
Points Ax: = (2k — 1)r — 4, 2 =0 
where 6) = aresin 8. We leave out of consideration the very special 
case B = 1, so that 6» (the least angle in absolute value whose sine is 
B) is such that 0 < 09 < +7/2. 
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Consider first the points By. Let 6 = 6. + 2k + n and develop 
sin 6 in powers of 7. If we keep only the term of first order in y, the 
behavior of the system in the neighborhood of B, is given by the 
linear equation 


dz —az—7cosbo+ °° : 
dn Z 
The characteristic equation 1s 


S?+ aS + cos 6) = 0 


and its roots are 


Consequently, the singular point is: 


a focus when a? < 4 cos 4, 
a node when a? > 4 cos 4, 


and, as we have seen, when a = 0 the singular point becomes a center. 
Consider now the singular point A;,so that @6= (2k —1) r— O0.+ 7 
and develop sin # in powers of 7. Then as above, 


dz —az+7 cos 0+ 8 


—_— 


dy 2 
The corresponding characteristic equation is 


S? + aS — cos 0) = 0, 


and its roots are 


2 
(6) Sie = : + 2 + cos 9. 


Since cos #) > 0 the roots are both real and of opposite sign, so that 
the singular point is a saddle point. The slopes of the separatrices 
at the saddle point are the solutions of 


pw? + au — cos — = 0 
so that their values are 


] 2 
(7) joo naa tent 
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Notice that, owing to 0 < @) < +7/2, we have cos 0. #0. Hence 
when a = 0 the characteristic roots are still distinct and of opposite 
sign, and so the singular point under consideration remains a saddle 
point. 

The next question to take up is the existence of periodic solutions. 
Here again we consider separately 8 > 1 and B < 1. 

Case I: 8 > 1. As already mentioned, to prove the existence of 
periodic solutions it will suffice to find two particular solutions z2;(6@) 
and 22(@) of the basic differential equation (4) such that for some 6; 


(A) 2:(61 + 2m) < 2:(41), 
(B) 20(01 -+- 27) > 22(61). 


Actually it is convenient to observe that it is sufficient to show that 
(A) holds for some 6,, and (B) for some other, not necessarily the same, 
so that the values of 6, for which the one or the other holds is quite 
immaterial. For suppose that (A) holds for a given 6;. Thus the 
function $(0) = 21(@ + 27) — 2:(@), which is continuous, is negative 
for 6 = 6;. Suppose that it could be positive for 6 = 6). Then 
(63) = 0 for some 63 between 6, and 62 or 2:(03 + 27) = 2,(63), from 
which follows that z:(@) is itself periodic since only one path passes 
through each point of the ,phase cylinder. Hence, if it is not, 
21(@ + 27) — z2:(0) is always negative and so in (A) one may choose 
6, arbitrarily. Similarly, of course, as regards (B). This property is 
used systematically in the sequel. 
Consider now any solution 2:(@) such that for some @’ we have 


2:(6’) > (1 + B)/a. 


Since sin @'| <1, and 6 > 1, the corresponding point is above the 
sinusoid (5), and so in the region where dz/d@ < 0 (Fig. 270). The 
path must then be as in Fig. 270, rising constantly to the left of 6’, 
and so we must have 

21(6’) < 21(0" = 27). 


Thus (A) holds with 0, = 6’ + 27. To find a suitable 22(6) satisfying 
(B) consider the path through the point A (Fig. 271) having the 
coordinates 0 = 7/2, z = (8 — 1)/a, (a point where (6 — sin @)/a 
has a minimum). We follow this path to the rightof the point A. 
Since dz/d@ > 0 between the sinusoid and the axis, the curve must go 
upwards as @ increases, and cross the sinusoid at a certain point Q. 
At this point the path has a horizontal tangent, since the sinusoid is 
the isocline dz/d@ = 0. Then the path goes down and crosses the line 
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= 57/2 ata point VW, whieh ts never lower than the point B. This 
follows sinee the point at which the path next crosses the sinusoid is 
easily seen to be either B or beyond B. Thus the path under investi- 
gation corresponds to a solution for whieh z2(7/2 + 27) 2 z2(r/2), so 
that tt satisfies condition (B) for 6, = 7/2. 
Since in this case B > 1, there are no singular points and so there 
must exist between z, and z2 a periodic solution for whieh zo(@ + 27) = 


Fira. 270. Fia. 271. 


zo(0). We will now show that this periodic solution is unique. Inte- 
grating both sides of (4) from 6; to 0: + 27 we get 
6, +27 


a[z(@. + 2m)]? — g{2(@1)|? = —e [ 2d + 2r8. 


i 


Since for the periodic solution 2o(@; + 27) = z0(@1), this gives 


O1+2n 
(8) [ zo(0) dd = zl 


a 


Let us assume that there exist two periodic solutions Zo, and zoz. Sinee 
they eannot tntersect, we always elther have Zo: > Zoe or zo2 < 201. 
But by (8) this imphes 


? O:+29 Oi-2x ? 
my = | 201(6) dé > | 202(@) dé = aa 
0 @, a 


a { 


(or with the mequality sign reversed) which is obviously tmpossible. 
‘Thus we have a untque periodie solution. Since its path surrounds 
the eylinder it is of the second kind (Fig. 272). Closed paths (periodie 
motions) of the first kind are ruled out because they must surround 
singular points, and there are none here. 
Case II: B < 1. In this case,.as in the previous one, the existence 
of the solution z, satisfying z1(0: + 2r) < z:(61:) can be proved imme- 
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diately. In order to obtain a suitable z2(6) we shall investigate two 
paths (Fig. 273): the curve T, passing through the singular point A, 
with a positive inclination, and the curve I, passing through the 
point A, with a negative inclination. The slope of T,; at A, is given 
by (7) as: 


a a, 
m= ~ 24+ J 4008 0 


so that at this point the inclination of T; is smaller than that of the 
sinusoid.! Since the sinusoid is the isocline dz/d@ = 0, T: crosses it 


R>1 


Fic. 272. Fig. 273. 


at the point Q and has a horizontal tangent there. The curve 1, 
crosses the straight line 6 = 6) at the point H;. The curve I, leaves 
the point Az with a negative slope and crosses the straight line @ = 4% 
at the point H2. Let the ordinates of these points be hiand hy When 


1 The inclination of the sinusoid at this point is equal to cos @)/a. The magni- 
tude m; is given by the equation 


mi + mia = COS Oo. 
If we replace mi by cos 0o/a, we obtain on the left side of the equation 


COS? Oo 
ae + ¢OS 09 > COS On: 
a 


COS 65 


Hence mm < 
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ais sufficiently small we have always hi < he, so that the path I',, and 
those above but sufficiently close to T',, satisfy the condition 


z2(61) < z2(0, + 27). 


Consequently, when a is suffieiently small, there will exist a periodic 
solution 29 for which 
20( 4; + 27) as zo(1). 


As in Case I, we can show that this solution is unique. 
It can be shown that, when a is sufficiently large, we have he > hy, 
and that there exists a unique @ = ao for which h; = he. Also, one 


Fic. 274. Ite. 275. 


can show that periodic solutions cannot exist when a > ao; and that, 
when a < ao, the unique solution whieh exists js situated entirely in 
the region z > 0. Finally, it can be proved that in the ease under 
investigation closed paths of the first kind are again ruled out. This 
is done by considering the form of the separatrices corresponding to 
a < ap (Fig. 274), a = ao (Fig. 275), a > ao (Fig. 276). Thus when 
8 <1 we obtain a unique periodic solution of the second kind when 
a < a (Fig. 278); but no periodic solutions exist if a > ao (Fig. 277). 

The periodic solutions of the second kind obtained (a) for all a, 
and 8 > 1, and (b) fora < ajo and B < 1, are stable sinee all neighbor- 
ing motions tend toward them. However, in case (a) the periodic 
solution becomes stable for all initial conditions, whereas in (b) there 
exists a region of initial conditions which lead the system to a state 
of rest (i.e. a stable focus). This region is shown in Fig. 279. 

The above results may easily be interpreted physically. If the 
system experiences friction proportional to the veloeity (a # 0) and 
is acted upon by a constant moment of rotation, the work speut to 
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overcome the frictional forces increases together with the velocity, 
while the work of the external forces (other than gravity) remains 
constant. ‘Therefore, if 8 > 1 so that the constant moment of the 


iia. 276. 


<i 


Fira, 278. 


AS Ay 


of, 


p< la>G 


a 
SS 


Iig. 277, 
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Kia. 279. 


external forces exceeds the largest value of the moment of the forces 
of gravity, then whatever the initial conditions it will unwind the 
pendulum until an equilibrium is reached between the energy dissi- 
pated on friction and the work of the external forees. Conversely, 
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when 8 < 1, the external moment is so small as to be ineapable of 
turning over the pendulum by itself. ‘Thus the pendulum ean start 
to move only under certain conditions. The motion ean become 
periodic only under the condition that the energy dissipated on frietion 
during one revolution will ultimately be equal to the work aeeom- 
plished by the external forces creating the constant moment. Sinee 
at the same time we must have adequate initial eonditions, in the 
form of a sufficiently high initial veloeity, the loss of energy due to 
friction (for a given a) eannot be arbitrarily small. Thus, in order 
that the loss of energy on frietion during one revolution will not exeeed 
a certain value (equal to the work done by the exterior forees during 
one revolution), @ must remain suitably small, i.e. smaller than a 
certain eritieal value ao. 


$4. OTHER SYSTEMS WHICH GIVE RISE TO A CYLINDRICAL PHASE 
SPACE 


We will now discuss briefly two problems which give rise to a 
differential equation similar to (1) and wherein a similar analysis to 
the above may be applied. Consider first a system eonsisting of a 
synchronous motor connected in parallel with generators. Let @ be 
the angle between the axis of the magnetie field of the stator and the 
axis of the magnetie field of the rotor. Let jAfo represent the moment 
acting upon the motor as a result of load, whieh we here assume to be 
constant. Since this moment tends to slow down the rotor, we eon- 
sider 6 as being positive when the rotor is lagging with respeet to the 
stator. Then if we assume that the resistive moment due to frietional 
forees and electrie damping is proportional to the angular velocity, 
and that the moment resulting from the interaetion of the rotor and 
stator fields is a function f(@) of the angle 6, we obtain the equation 


(9) 16 = Mo — b6 — (0). 


It ig to be noted that, since the moment f(@) aets in sueh manner as to 
tend to deereuse the angle 6, f(@) has the same sign as 6, and f(0) = 0. 
This funetion f(@) which eharacterizes the interaetion of the rotor and 
stator fields is sinusoidal if eertain simplifying assumptions are made. 
Then (9) will be esseutially the same as (1). 

Consider now a generator working in u eireuit in parallel with other 
machines. Let 6 denote the angle of advanee of the rotor of the gen- 
erator under investigation with respect to the rotors of the other 
motors, while J/) represents the eonstant moment relative to the 
motor driving the generator. Here also J/o tends to inerease @. 
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The damping moment is, as before, equal to —b6. Furthermore, in 
the case of a generator working in the general circuit, the displacement 
of 0 creates an electro-mechanical moment acting upon the given 
gencrator as a result of the functioning of other motors in the same 
circuit.! This inoment is a function of 0 tending to decrease the 
value of 6. Therefore it must be equal to —f(0) where f(@) has the 
same sign as 0. Again, under certain assumptions rt may be con- 
sidered as behaving like sin 6, and we are led once more to an cquation 
similar to (1). 

1Tt is to be noted that, when the system is immobile, the equation of motion 
of the rotor hag the following form 


Ty =f(wl — vy) — by, 


where w is the angular velocity of the axis of the magnetic field of the stator and 
y the rotation angle of the rotor. Sctting 0 = wt — y yields the equation in the 
text. 


CHAPTER IX 


Quantitative Investigation of Non-Linear 
Systems 


Si. THE VAN DER POL METHOD OF APPROXIMATION 


We now pass to the quantitative investigation of non-linear sys- 
tems. In its present state the theory applies satisfactorily only to 
two types of systems, which, however, are of considerable practical 
interest. The first type includes approximately conservative systems, 
among which the approximately sinusoidal systems are most interest- 
ing. The second type includes systems with discontinuous oscillations 
and has previously been discussed quantitatively. In this chapter 
we consider only the simplest kind of systems of the first type, viz., 
systems which are approximately linear and conservative. 

For such systems the equation of motion can be written! 


E+ 2x = uf(z,2), 


1 The equation of a system similar to a harmonie oscillator, when expressed in 
ordinary variables, has the form: 


2 d 
(a) = 5 wl = pF (. +) 
where 7 is the time, wo the angular frequeney, v a dependent variable (voltage or 
current, for example), and » the so-ealled small parameter, whieh we shall assume 
to be dimensionless and whieh defines the closeness of the system under investi- 
gation to a linear conservative system. If we introduce the dimensionless inde- 
pendent variable ¢ = wor and the dimensionless dependent variable xz = v/v 
(where ty 18 a fixed quantity of the same dimensionality as v, saturation voltage 
or saturation eurrent, for example), (a) becomes: 


l 
Ptr = p—, F(v0z,vowok ju) 


VoW 
or, Writing 
l 
—, F(v0r,vowot ;u) = f(z, 25), 
VoW 4 
we have 
(b) E+ 2 = pf(z,Zjy). 


Note that for simplieity the theory is developed here for the partieular ease when 
f(z,Z;u) is independent of ». The formulas developed for the first approximation 
of solutions of (1) are, however, valid for the more general ease when f(z,Z;u) is a 
polynomial in z, z and yp, provided that we replace f(z,y) by f(z,y,0). 
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or equivalently 

(1) Z=Y, y= -zt uf(z,y). 

Here uw is a dimensionless positive parameter, which we shall assume 
to be small. The size of » determines how close the system is to a 
linear conservative one. We shall also assume that f(z,y) is a poly- 
nomial in xz and y. We examine (1) by what we call the van der Pol 
method. It consists in replacing (1) by simpler “auxiliary”? cqua- 
tions—which we call van der Pol equations—whose solutions approxi- 


Y D 


1G. 280. 


mate the solutions of (1) over arbitrary time intervals, when 1s srnall, 
The method takes account of the non-linearity of (1); in fact, the 
auxilhary equations ure also non-linear. 

To find the auxiliary, or van der Pol equations, consider a coordi- 
nate system (a,b) in the phase plane (ig. 280), rotating in the clock- 
wise direction with angular velocity unity. Toru = 0 (1) becornes the 
harmonic oscillator whose paths are circles with center at the origin. 
The representative point moves with the rotating a,b-axes and every 
point of the a,b-plane is an equilibrium state in this case. The trans- 
formation between the rotating a,b-axes and the fixed z,y-axes (ace 
Fig. 280) is! 

1In order to pass to the coordinates a,b we need not have recourse to the 
rotating axes. In fact, let us look for a solution of (1) of the forrn: 

(a) xz = a(t) cop t + b(t) sin 0. 


Since z(t) does not determine completely a(t) and b(t) by (a), we can impose 
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x=acost+ bsint 
y = —asint+ bcost. 


Using these relations to change variables in (1) we obtain 
£=y= —asint+ bcost+dcost+ bsiné 


and therefore . 
acost+ bDsint = 0. 


Differentiating again we have 
¢+ a= pf(z,t) = —dsint+t bcost. 


Solving the last two equations for the derivatives of a and b we find 
after some simplifications 


a = —pf(acost+ bsint,—asin t+ b cos 2) sin f, 
b = uf(a cost + bsin t,-asin t+ b cos £) cost. 


Expanding the right sides into Fourier series gives 


a=up (eee) + ¢,(a,b) cos t + ¢:1(a,b) sin ¢ 


+ ¢$2(a,b) cos 2t + ¢2(a,b) sin 24+ -- - ) 


(2) 
,= pu (een) + y,(a,b) cos ¢ + W:(a,b) sin ¢ 


+ y2(a,b) cos 2t + Y2(a,b) sin 26+ °°: : ) 


where ¢:, ¢:, vi, Yi are the corresponding Fourier coefficients of the 
functions: 
—f(acost+ bsin t,—asin t+ 6 cos 2) sin £, 
+f(acost-+ 6b sin t,—a sin ¢+ 6 cos ¢) cos ¢. 


Since the transformation from (z,y) to (a,b) involves ¢t, the new system 
of equations may not be autonomous although the original one was. 
Let us investigate with (2) the auxiliary system! 


another condition, say 
(b) dcost + bsint = 0. 


Clearly (a) and (b) are equivalent to the transformation to a rotating system. 
1 The system (3) in a and b is obtained rather simply by van der Pol. He sets 
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._ go{a,b) , _ Wo(a,b) 
(3) a= pw 9 ) b= fl a ) 


obtained by neglecting the “‘oscillatory’’ terms. The system (3) has 
the great advantage that when we pass to polar coordinates the 
variables can be separated. Its justification will be found in Appendix 
B. Since 


Qn 
aa “4 | f(acos €+ b sin §£,—a sin — + U cos &) sin é dé, 
Ww I/O 
Qn 
amet | f(acos §+ 6b sin £,—asin — + 6 cos &) cos ¢ dé, 
T JO 


if we set a = K cos 0, b = K sin @, so that 


b 
kK=+ va’? + 0’, tan 9 = —3 
we have! 


(4a) K = p&(k), (4b) 6 = w¥(K), 


as in the text z = acost+ bsint. Then the equation becomes 


dcost + 2bcost+ bsint — 2d sin t 
= pf(acost + bsint,—asint +bcost+dcost + bsin ¢). 


He ncglects the underlined terms because a and b are slowly varying functions 
of time. Then he expands f in a Fourier series, assuming a and b constant and 
equates the coefficients of cos t and of sin t. This gives (8). 

1 Multiplying the formulas for ¢o and yo by a and b respectively, and adding, 
we obtain 


Qa 
-— k?= 2 | f(acos § + bsin §,—a sin & + b cos £)(—a sin & + 0b cos &) dé. 
rT /J0 


Letting a cos § + bsin & = A cos (§ + 45), we have further: 


27 
tra —* | 4K cos (¢ + 8),—-K sin (¢ + 8))K sin (¢ + 4) dé. 
2 at 2r /0 


Hence, since the integrand is periodic, assuming & + 6 = u and dividing by A 
the equation (4a) follows. Multiplying the formulae for ¢o and ¥o by —b anda 
respectively, and adding, we obtain 


2r 
ab ~ ba = K26 => | f(acos & + bsin &,-—asin &§ + bcos &)(acos — + bsin &) dé. 
xr J0 


In similar fashion this gives equation (4b). 
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1 or 
6(K) = — = | ich doen a Sa 
ade 0 


] 2r 
VW(K) = —— f(K cos u,—FA sin u) cos u du. 
QxA 0 


It is easy to investigate the auxiliary system. Consider (4a). The 
qualitative behavior for such an equation is, as we have seen, 
completely defined by the situation and the character of the equi- 
librium states on the corresponding phase line. The coordinates of 
these equilibrium states are the roots of the equation 


(3) (kh) =0 
Or 
(6) fr fh Costs Sa sine SO. 


The equilibrium state A = K; is stable if ®’(K;) < 0 or if! 
2r 
(7) f, i(Ki cos u,—K; sin u) du <0 


and is unstable if @’(A,;) > 0. All the other motions are, as we know, 
either asymptotic to an equilibrium state for both t—> +, or 
asymptotic to an equilibmium state for !— + and tend to infinity 
for {— — «, or vice versa (see p. 144). 

For the approximating motions (4) we can always find analytic. 
expressions. In fact, from (4a) follows: 


1 In fact: 


Qr 


) 
1 1 {7 
@’'(A) = — 5. freosusinuant 2 f, sin? udu 


2r 2r or 
1 [a ae fs we eG 
= — (f cos u) du + —— sin udu + — 
sz |, ee ee en +z ff fy du 


and, since $(A;) = 0, 


1 or 
’’(K;) = a if f, (As cos u, —A, sin u) du. 
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K dK 
images | oe 
Ko $(K) 
where AK = Ko fort = to. Hence, solving for K, we have: 
K = K{ult — to)}. 

Now consider equation (4b) and the representation of the motion 
in the a,b-plane. We must distinguish two cases. In the first case, 
often met in practice. 

(8) V(K) = 0. 
Here (4b) yields @ = constant = 60, so the paths are straight lines 
through the origin with inclination @ = constant. The motion is the 


b 


Fie. 281. 


same along each line and is defined by (4a). The roots of equation (5), 
K = K;, give the radii of the circles which represent the curves of 
equilibrium states. The picture of three equilibrium states corre- 
sponding to equation (4a) is shown in Fig. 281. 

If we pass from our rotating coordinates (a,b) to the original 
coordinates (x,y), it is easy to see that the circles of equilibrium states 
in the a,b-plane become circular limit-cycles having the same radi Ki. 

The motion of the representative point along a cycle of radius Ky 
is given by 
acost-+ b sin t = K; cos @) cost + A; sin @ sin ¢ 

= K; cos (t = 60), 
y = —asint+bcost = —K; cos 4 sin t+ KA; sin 4 cos ft 
= —K; sin (t — 4), 


| 


L 
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where 9 is arbitrary. The fact that the phase angle 60 of the periodic 
motions along a given limit-cycle is arbitrary corresponds in the 
(a,b)-plane to the fact that the equilibrium states of the auxilary 
equations form whole circumferences. 

Clearly the limit-cycle is orbitally stable if the corresponding 
equilibrium states are stable, and conversely. ‘The other paths, 
which are linear segments in the a,b-plane, are transformed in the 
z,y-plane into spirals which approach the limit-cycles either for 
t—> +o or{> —o, 


Fic. 282. Fic. 283. 


Now consider the second case, V(K) # 0. We assume that the 
equation ¥(K) = 0 has several roots, Ki,K2, °° -° ,Km, all different 
from A,,K2, °°: ,Ay. Then from (4) it 1s easy to see that the 
equilibrium states of (4a) in the a,b-plane correspond to circular limit 
cycles with radi A1,A2, ---: ,A,. The motion of the representative 


point in the a,b-planc along a limit cycle of radius A; 1s given by 


a = K; cos {p¥(K;)t + 60} 
b = K; sin {uwW(K,;)t + 4}. 


The stability or instability of the limit-cycle is determined by the 
stability or instability of the corresponding equilibrium state given 
by equation (4a) and the direction of rotation is defined by the sign 
of W(K;j). 

All other curves are spirals tending to the limit-cycles either for 
t—> +o ort —o (Fig. 282). If in this second case we use sta- 
tionary coordinates, we obtain a picture similar to that in the first 
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case. There are again a series of limit-cycles of radii K,,Ke, -- + Ky. 
The motion along the limit-cycles K = K;, is given by: 


I 


z=acost+bsint = K; cos {{l — w¥(K)]t — 4}, 


Se ey a eer eee ees (1 — wW(Kj)]é — 40}. 


This differs from the first case only in having a definite correction for 
the frequency Aw = —yW(K;) which, in the first approximation 
with respect to u, corresponds to the correction for the period r = 
2ruV(K;). The other trajectories are again spirals which wind around 
the limit-cycles. 

We now propose to pass from information about (3) to information 
about (1). It can be shown that for small u» the solutions of (3) are 
close to the solutions of (1). More precisely, if ®(/) has simple roots, 
then (1) has limit-cycles close to the circles of radii K;, and no others. 
(This will be shown in $5, in connection with the Poincaré method.) 
These limit-cycles correspond to periodic solutions, stable in the sense 
of Liapounoff if ®’(K;) <0. If Y(K;) = 0 the correction for the 
period (from that of the harmonic oscillator) begins with terms pro- 
portional to u?, but if Y(K;) ~ 0 the correction begins with 27¥(K;) yu. 

Concerning (4) one should bear in mind that ®(K) is the constant 
term in the Fourier expansion of f(K cos u,—K sin uw) sin u, and 
W(K) the constant term in the expansion of f(K cos u,— sin uw) cos wu. 
Assuming that f(z,y) is a polynomial, these constant terms can be 
found with the help of standard trigonometric formulas. 

It is often more convenient to replace (4a) by 


p = Pp), 
p= kK’, B(p) = 2Vp ® (Vp). 


§2. APPLICATIONS OF THE VAN DER POL METHOD 


1. The vacuum tube under soft working conditions. Consider a 
vacuum tube oscillator with a tuned grid circuit (Fig. 284). The 
Ikirchhoff equation determining the current in the oscillating circuit 
of the tube gives 


; l ; 
(10) Lit Ri+s | idt = MI,. 


where 


We assume that the plate current depends on the grid voltage alone 
(i.e. we neglect the plate reaction) and shall consider first a cubic 
characteristic for the tube, i.e. a polynomial in the ‘dimensionless 
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voltage”’ v: 
(11) I, = V, (ay + By? ey viv). 


Here » = V,/V;:, V, and V, are the grid and saturation voltages 
respectively, and a,81,y1 are coefficients whose common dimension 1s 


1 1 
that of conductance. Since Vy, = CG | edt and v = CY, | adt, we 


can write (10) in the form 


ie 2 
LO + RO +0 =F 1. 


Then using (11), making elementary transformations, and writing ¢ 
for wot, we obtain 


(12) t+ = (a+ 2Bv — 38yv")d. 


Fig, 284. 
Here 
1 
we = a = (Moa, — RC)w, B= MBywo, y = Mywwo, 


Le 


and a,8,y are dimensionless parameters which we shall assume to be 
small and of the same order. ‘Then, setting 


a = pa’, B = pf’, y= ny’, 


where » represents the small parameter of the previous discussion 
(u 2 0) and a’,6’,y’ are dimensionless quantities close to unity. We 
shall assume » small enough for the solutions of the van der Pol approxi- 
mation to have the essential properties of the solutions of (12), par- 
ticularly with respect to periodic solutions and their stability. This, 
of course, imposes limitations on a,6,y, and hence on the class of 
problems discussed here. 
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Let v = x, ¥ = y, and consider the system: of two linear equations 
corresponding to (12), 


(13) E=y; Yu=-xt pla’ + 26'r — 3y'2?)y. 


From (3) and (4) the auxiliary equations are 


Sa, ee ») b= ub (a oY es ») 
= uS(« ra + 6?) ], Dine aera + 6?) 


or in polar coordinates K,@: 


K 3y/ ) 
14 K = — sae te 2 = 0. 
(14) MS (. ri K? }, 6=0 


The radii of the limit-cycles in the z,y-plane are given by 


K / 
&(K) = 9 (w —_ = x») = 0. 


We assume vy’ > 0 and shall consider separately the cases a’ > 0 and 
a’ <0. 

If a’ < 0, the only significant root of Gis K = 0. Then the limit- 
cycle degenerates to a point, which is a stable singular point since 
(0) = a’/2 <0. It is easy to see that the paths are spirals tending 
to the origin as t—-+ 0. Thus we have in the z,y-plane a picture 
characteristic of damped oscillations. 

If a’ > 0, © has two significant roots, 


da’ 4a 
Ke = @) IK _— _—_—_- = —_— 
Since #’(0) = a’/2 > 0, ® (Ke) = —a’ < 0, Ky corresponds to an 


unstable singular point while K, corresponds to a stable limit-cycle. 

All the paths other than the limit-cycle can be divided into tio 
classes: the paths spiralling towards the limit-cycle from the outside as 
t—+ +o and going to infinity as !— —o, and the paths spiralling 
towards the limit-cycle from the inside as t— +o and towards the 
singular point when t!— —o. ‘The resulting picture is characteristic 
for a self-oscillating system under soft working conditions. 

If a’ has a positive value which is decreased continuously (for 
example, by increasing ?), y’ remaining constant, the square of the 
radius of the limit-cycle Kj = 4a/3y will decrease according to a 
linear law (Fig. 285). When a = 0, the limit-cycle disappears and 
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merges with the unstable focus, which then becomes stable. In this 
case zero isa branch point of the parameter a. If @ varies continuously 
from negative to positive values, oscillations begin at a = 0, their 
amplitude increasing continuously. If a decreases, the amplitude of 


Ky 


? 

an -— 4 

® 3y 
Fic, 285. 


the oscillations decreases, reaching zero when a = 0. The system 
then behaves like a damped oscillator (Fig. 286). This is called soft 
generation of oscillations in contrast to the case (hard generation) 
when the oscillations appear suddenly and have a finite amplitude 
(though the parameter itself varies continuously). The auxiliary 
equations will enable us to obtain approximate expressions for the 


a 
Ky 
~ ‘ae 
——— ene ome 
ee ae ro ¢ 
Fic. 286. 


oscillations. Integrating (14), we find (assuming a > 0) 
Ce"! ee: 
k= Ko Cie! + K? (x = =) 
6 = constant = 4p. 


Hence 
: ex (t—8o) 
= 15> gatimtay eG 008 Mt — Bo) 
ex (t—8o) ; 
y= — Ko ext) 4 0 (4 — 6) 
RK? 
Where C = ° 


Cente 
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We call this an approximate expression for the general integral of 
(13) because it has two arbitrary constants, C and 6) (C = 0 corre- 
sponds to the limit-cycle, C = © to the equilibrium state). Note that 
(11) contained a square term which does not appear in the general 
solution of the zero approximation. (The effect of this term appears 
‘only in the next approximation.) ‘This is a general property of all 
even terms of the characteristic. It is due to the fact that the develop- 
ment of the sines and cosines of an even power contains only the sines 
and cosines of the even multiple angles and hence does not contain the 
fundamental (resonance) frequency. 

2. The vacuum tube under hard working conditions. Consider 
again the vacuum tube described by (10) but assume now a fifth-order 
characteristic 


(15) I, = V(aw + yw? = 6°), 


Setting 
a= (May = RC), y = My 1.00, 6 = AM b,a, 


then also 
a=po', y= 17’, 6 = pd’, 

we have this time, instead of (12), the relation 

(16) O+v = pla’ + 3y'v? — 56'04)d. 

Then by (8) and (4) the auxiliary system is: 


a ) +) 
SO, (MOY Beal RUE 2) _ — slp? 2)2 }, 
a me sre a +- b?) g bla +09) 


o~ 
I 


b 3 5 
HS (.’ a A a ap) = 8 5'(a? + "») 
or in polar coordinates A,é: 


K 3 5 
Kk = = t = Ke — 2 ys), 
(17) a Saas 8 

= 0. 


The radii of the limit-cycles (of the zero approximation) are the roots 
of 


Kk 3 3 
@(K) = 3 (« + mi y Kh? = : K+) = (). 


If we assume y’ > 0, then 6’ > 0, while e’ can be positive or negative. 
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Since 0 is a root of &, the origin is an equilibrium state, and, since 
’'(0) = a’/2, it is stable when a’ <0 and unstable when a’ > 0. 
The radii of the limit-cycles which do not degenerate to points are the 
roots of 

a + #y7K? — 26K4 = 0. 


In general this gives two values, A} and K} (we only care for the 
positive roots), which yield the radii, AK; and Ke, of the limit-cycles. 
Constructing a graph (Fig. 287) with @ on the horizontal axis and K? 
(square of the radii of the limit-cycles) on the vertical axis, this 


s.. 
wv 
J 
— ‘eo & 
Fic. 287. Fic. 288. 


equation (for constant y and 6) determines a parabola. The curve 
crosses the K?-axis at AK? = 0 and AK? = 67/56; its vertex is on the 
line r = 37/56 and it opens to the right. The stability of the limit- 
cycles with @’(4h) <0 shows that the uppcr half of the parabola 
corresponds to stable limit-cycles, the lower half to unstable limit- 
cycles. In Fig. 287 the stable portions are marked in heavy lines; this 
figure indicates the nature of the phase portrait for different a, with 
y and 6 constant. 

If at the beginning the tube 1s not excited, for example, when a 
has a negative value (Fig. 287), and qa is increasing, the oscillation of 
the final amplitude becomes excited when a reaches zero. <A further 
increasc in a leads to a monotonic increase of amplitude. When a 
decreases, the amplitude diminishes until a reaches the abscissa ao of 
the vertcx. When a = ao the oscillations stop. Contrary to the 
casc of soft gencration, the appearance and disappearancc of oscil- 
lations takes place for differcnt values of the excitation coefficient and 
we can observe a certain “lengthening’’ (a type of hysteresis during 
the transition from the cquilibrium state to the periodic motion). 
Furthermore, oscillations with different (but finite) amplitudes appear 
and disappear. In general, we obtain a typical picture of the hard 
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generation of oscillations (ig. 288). If initially the system is at the 
left of the vertex, the oscillations can never be excited without chang- 
ing the parameters. If, however, the system is between ap and a = 0, 
then, although self-excitation is not present in the system, it can 
experience oscillations. ‘To excite the oscillations it is necessary 
however, to give the system a shock. As we shall see later, oscillations 
can be generated in the system only if the square of the initial devi- 
ation from equilibrium is larger than the unstable branch of the parab- 
ola. When @ is positive, self-excitation of oscillations takes place; 
oscillations can be created for an arbitrarily small initial deviation 
from equilibrium. 

Note that (17) can be integrated in the same way as for a tube 
under soft working conditions and we can obtain a solution character- 
izing quantitatively the generation of oscillations. 


83. THE METHOD OF POINCARE (METHOD OF PERTURBATIONS) 


‘The method in question is fundamental in the discovery of periodic 
solutions in systems depending upon a parameter yu. It is supposed 
that for a certain value u = po the system has a periodic solution. 
Poincaré has given a general method for finding the periodic solutions 
when yu is near wo. Replacing, if need be, u by » — wo, one may sup- 
pose po = 0, and so one is looking for the possible periodic solutions 
when pis small. It is true that the method applies only to analytical 
systems, but this will be more than sufficient for our purpose. We 
shall investigate the application of the method to the nearly linear 
equation 


(18) E>x2= uf(x,x), 
or to the equivalent system 


(19) t=y, y= unuf(zy) — 2. 


For simplicity we shall also suppose that f(z,y) 1s a polynomial. This 
is again ample for practical purposes. In point of fact, except for 
having to mention here and there “‘convergence,” we could as well 
suppose that f(z,y) is a power series in x and y. 

Consider the reduced system 


€é+2r=0 
or equivalently 
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The general solution of (20) 1s 
(21) = K cos (t — to), y = —K sin (t — to) 
and the paths are the circles 
re: @t+y= RK. 


The particular solution (21) of the reduced system represents the curve 
cutting the z-axis at the point (4,0) at time t= t. Now the 
solution of (19) cutting the z-axis at the point (A + 8,0) at time ¢ = to 
may be written 


x = K cos (t = to) 2 E(A,B,u,¢ = to), 
f= mi sin (tf — to) + 7(K,B,u,t — bo), 
n = &, 


and this is the general solution of (19). Counting the time from the 
crossing of the z-axis at (A + £,0), or, what is the same, writing ¢ for 
i — to, our solution is represented by 


x= K cost + &(K,B,u,1), 
(22) y= —Ksmt + n(K,B,u,t), 
n = &. 


It is to be recalled that for 1 = 0 we have x = K+ 6, y = 0 and 
hence 


(23) E(K,8,4,0) = B, —-0(K,8,u,0) = 0, 


and of course, since for 8 = nu» = 0 the solution reduces to (21) for 
to = 0, we must have identically 


(24) E(AK,0,0,) = 0, —9(K,0,0,f) = 0. 


Since the system (19) is analytical, the solutions are analytical in u,£, 
and may be expanded in power series for small values of the variables. 
It follows that & 7 have the same property. By (24) they vanish 
identically for 8 = » = 0, and so the series are of the form 


E= ANB + Bu + COBue+ Diu +s: , 
n=&=AB4+ButCBut+ Dw? t+:--:. 
By Taylor's expansion for polynomials 


(26) f(A cost + §&,-A sini +7) = f(K cos t,—AF sin £) 
Se {Efe oo nty + 5 (Efe ae Zinfey 5 n°fy) 7 Sai lL cmheees . 


y= —Ksint 


(25) 
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We now substitute the solution (22) in the system (19) where £7 are 
the series (25). By means of (26) we obtain series in 8,4 which must 
be identical. This yields the following relations between the coeffi- 
cients of the series: 


A+A=0, C+C=f.A+f,A, 
(27) B+B=f(xy), D+D=f.B + f,B, 
= K cos £, y = —K sint. 


According to (238) for ¢ = 0, & and » must reduce respectively to 8 
and zero. Hence identically 


(28) A) =1, A) = BO) = BO) = C(0) = C(O) = D0) 


D(0) ee 
The differential equations (27) together with the initial conditions (28) 
make it possible to determine exactly A, --:,D,:°:-:: . Each of 
these variables satisfies a differential equation of the form 

Z+2= $¢(t) 

whose solution z(¢) such that 2(0) = 2(0) = 0 is (by direct verification) 
(29) 2 = te $(u) sin (t — u) du. 
As it is repeatedly needed, we write down the derivative 
(30) a(t) = I ¢(u) cos (¢t — u) du. 


The solution A(t) with initial conditions A(0) = 1, A(0) = 0 is 
immediately found to be A(t) = cos ¢t. The other coefficients are 
found by means of (29) to be 


B(t) = f, f(y) sin (t — w) du, 
C(t) = J {f. cos u — fy sin u} sin (¢t — wu) du, 
D(t) = I (7 B(u) + f,B’(w)} sin (t — u) du, 


x = K cos u, y = —K sin u. 


(31) 


So far we have only prepared the ground for the periodic solutions. 
We return to them, and it is here that we find the crux and also the 
most interesting part of Poincaré’s argument. We are looking for a 
periodic solution of (19) very near, when 8 and yu are small, to the 
solution K cos t, —K sin t of (20), and so with a period very close to 27. 
Let this period be written 27 + 7(8,u), where 7 is the “correction”’ to 
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the basic harmonic period 27. We will expect then that 7(8,0) = 0, 
whatever 6, since for » = 0 we merely have the fixed harmonic period 
2x. Now by taking 8 and p small enough the solution (22) of (19) 
will hold in an arbitrarily large interval OS t < T. Take T = 4z, 
and assume | <a. Thus the solution will hold for 8,u small enough 
in0d<t<24+-7. It will be periodic in the manner stated when and 
only when 


(32) a(2r +7) —2(0) =0,  y(2r +7) — y(0) = 0, 


and these relations are the basic relations of Poincaré. 

Let us substitute z,y from (22) in (32) with &,n given by (25), and 
upon so doing replace cos 7 and sin 7 by their series expansions. We 
then find, after some simplifications, 


- 7 
“T+ B(2n)u + B(2n)ru + C(2r) Bu 


(33) P(r) =—| 
oo + DQm)it t+ + =0, 
(34) Q(t) = —Kr + B(Qr)p + B(2Qa)ty + C(2r) Bp 
+ A(2r)7rB + D(2r)p? + °°-- = 0. 


These are then two equations to determine 7 and 8 as functions of up. 
IXeeping only the terms of at most the first order in Q(r) (the first two 
terms), we find for 7 the approximation 
(35) T= ez = tal I f(K cos u,—K sin uv) cos udu 
K K 0 
= 2rpV(K), 


where W is as in (4). We assume here, of course, A ~0. In (383) 
there is only one term of order one (the second). Rejecting the rest we 
find 


—BQr) = [)" f(K cos u,—K sin u) sin udu = 0, 
or, finally, with ® as in (4) 
(36) @(K) = 0. 


This equation determines the radn of the generating circles. In other 
words, the circles [x of the harmonic system must be specially selected, 
with radii satisfying (36), if they are to be “circles of departure”’ for 
periodic solutions of the basic system (19). 
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If B(2r) = 0, then 7 is at least of order two in up. Setting 7 = xp’, 
we obtain 
C(2r)6B + D(2r)p = 0, 
—Krp + C(2r)B + D(2r)u = 0. 


As we are only interested in true generating circles, we may assume 
K #0. The equations just written yield then for C(2r) + 0: 


peo) _ DQ@r)C(2r) — D2n)C Qn) 
~  C(Qr) KC(2r) 


Finally, if we introduce the values of A,C,8 into (22) and return to the 
more’general time origin é (1.e., replace t back by ¢ — to) we find up to 
terms in yp? the approximate expression for the periodic solution 


D (2x 
a(t) = (x = Gon “) cos (t — to) 


+ oy i, f(K cos u,—K sin u) sin (t — tp — wu) du. 
y(t) = 2), (kK) = 0. 


This form of the solution suffers from the evident disadvantage that 
it has the period 27 + 7 only “up to terms in y?,”’ but this is the price 
to pay for the approximation. 

Let us now discuss, following Poincaré, the stability of the periodic 
solution corresponding to a definite root Ky, of ®(K) = 0. Let 
x(t), y(t) represent a solution very near the periodic solution which we 
assume to correspond to a K very near Ay. Since successive crossings 
of the z-axis by the closed path corresponding to the periodic solution 
occur at times 0,27 + 7, where 7 is small, those for the curve corre- 
sponding to z(t),y(¢) will occur successively at times 0,27 + 0, where 0 
is small and time is counted from the first crossing. We will have 


Q(6) = y(2x + 6) — yO) = 0, 

P(@) = 2(27 + 0) — x(0). 
Now in P(@) the term of lowest order is B(2r)y = 2rupP(K). Assuming 
p > 0, as will happen most of the time (if u» < 0 the stability conclu- 
sions must be reversed), we will have stability if P(6) decreases as A 
increases (we come nearer the periodic solution when we start beyond 
it or below it), 1.e. if CK) passes through O decreasingly at Ai, or 
again if ®’(K,i) <0. As we have already found earlier ($1), this 
stability condition takes the form 


(38) i fyC&, cos u,— A, sin u) du < 0. 


(37) 
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However it was derived there by means of unrigorous approximations, 
whereas now, by Poincaré’s method, the reasoning is essentially 
rigorous, and furthermore, in concept, it may be apphed to many 
other situations as well. 

In the calculations it is often convenient to bear in mind, as 
observed already in $1, that the integral in (88) is, up to a factor 27, the 
constant term in the Fourier expansion of the function f,(A1 cos u, 
—K, sin u). It is frequently easy to calculate this term directly. 

A final remark concerning Poincaré’s procedure. We have sup- 
posed throughout that the function f is analytic. However, if it fails 
to be so, it may be approximated with arbitrarily high accuracy by a 
polynomial f*. As this does not affect the results very much, we may 
reason as before with f* in place of f. However, in calculating, for 
example, (A), the substitution of f* for f does not appreciably affect 
®, and so we may actually apply the results (with some care) with f as 
it stands. ‘This will be done in particular with the broken line char- 
acteristic in the second example to follow. 


$4, APPLICATION OF THE POINCARE METHOD 


1. The vacuum tube under soft working conditions. The investi- 
gation of the equation of an ordinary vacuum tube oscillation with 
a tuned grid circuit (Fig. 284) under soft working conditions illustrates 
the Poincaré method. We can limit the investigation of this case 
to a cubic characteristic for the tube and use (12) directly. We omit 
the square term of the characteristic because it is unimportant for 
approximately sinusoidal oscillations. Then for the ‘‘dimensionless 
voltage’ we have 


(39) i+v = ula’ — 38y'v’)d = pf(v,d), 
(40) f(x,y) = (a! — dy'x*)y. 
Here the dots represent differentiation with respect to ‘‘dimension- 
less’’ time; the other symbols have the same meaning as in §3. In 
particular, a = pa’, y = py’. 

The form of (89) 1s suitable for the Poincaré method, so we apply 
it. The radius A of the gencrating circle is defined by 


2 
: d 
(41) BQr) = - I, (~a'x sinu — y’ - (K3 cos? ‘)) sinudu = 0. 
u 
This gives (to within a constant positive factor) 
3y'K3 
b(K) = (aK ae ) ™ 
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Hence 


We have here 
24 d 
| | -a’K sin u — y’ — (K3 cos? | cos udu = 0 
0 du 


and so B(2r) = 0. Hence the first approximation for 7 is zero. We 
also find from their expressions 


97'K* 
C(2r) = 74 E — 7 = —2ra’; C(2r) = 0, 
, 3 'K3 
D(2n) = = = ra!?K/8, 


and hence finally 
tT = mpya’?/8 = ra?/8. 


As in §3 stability is governed by 


&’(K) = a! — ty’K? < 0, 
or finally by 


We have seen that approximately K? = 3 =. Hence the periodic solu- 
Y 
. 4a, 
tion generated by the circle of radius K = 3,8 stable. 
Y 


Sd. THE VACUUM TUBE WITH BROKEN LINE CHARACTERISTIC 


Let us apply the small parameter method to a vacuum tube whose 
characteristic is made up of two segments, one horizontal and one 
inclined. We shall see that in the case of such characteristics, or 
better for characteristics limited only on one side, stable oscillations 
may arise under certain conditions. 

Assume that the characteristic of the tube has the form shown in 
Fig. 289 or 290 (so b may be positive or negative). In the case of a 
tuned grid the equations relative to the (‘‘dimensionless’’) voltage 
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on the capacitor are of the form (see (11) and (12)) 


v<ob: eee 


42 
(42) _ jtee —R loo 4 MS. _ MS — RC. 
U 3 U es L” ./LC ITE Vv. 


We shall show that the conditions of self-excitation are: 


b > 0: no self-excitation, 
b <0: § no self-excitation if RC > WS 
self-excitation if RC < MS. 


The solution has the form 
v = K sin t. 


We shall assume K positive; since the phase is arbitrary, this does not 
restrict the generality. The amplitude AK is given by the condition 


Ls Iq 


tan @ = 


ie—b eb 

Fic. 289. Fic. 290. 
B(2r) = 0. To determine B(27) we must calculate according to (42) 
the values of f(K cos u,—A sin u) corresponding to b > 0 and b < 0. 
We obtain 


Xr 
) 


(43) B(2r) = aba [cost eat = 0 
L \/LC Jt 

where 
— 7 b e 

(44) £ = arcsin R 


We are interested only in the values —17/2 < § < +7/2, and since K 
is positive, only in the values of & of the same sign as b. There- 
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fore for b > 0, & is between 0 and 7/2, and for b < 0 between —7/2 
and 0. Although the amplitude does not enter obviously in (43), it 
is not arbitrary but is defined by (44) as 


eine 
After integrating, (43) yields 
RC 
; in 26 = —2n ——- + 9 — QE. 
(45) sin 2£ TFS +ar— 2 


To solve this, consider (Fig. 291) the intersection of the curves 
RC 
= sin 2 p= Ho, — QE. 
y = sin 2é, y Te tT 5 


The maximum negative slope of the sine curve is —2 while the second 
curve is aline of slope —2, displaced from the origin by 7/2 — tRC/MS 


Fie. 291. 


units along the ¢-axis. If b > 0, then 


ji 
(46) 0< tie - 
7 
and, if b < 0, 
7 RC 
4 ee ee ee a) 
(47) a ns i 


If these inequalities are not satisfied, periodic solutions do not exist. 
We have (46) only if RC < A1S/2, and (47) only if AJS/2 < RC < MS. 
Thus, if RC < MS/2 and b > 0, or if MS/2 < RC < MS andb <0, 
there is one limit-cycle. (These cases are illustrated in Figs. 292 and ° 
293.) 

If RC > AS/2 and b > 0, or if either RC < ALS/2 or RC > MS 
and b <0, there are no limit-cycles. We note for future reference 
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that, if &, the root of (45), 1s positive (b > 0), then 


"2 " MS 
while, if & is negative (b < 0), then 
49 ee 
9) o> 9 ™ org 


This follows from the negative slope of the line above. 


Qe 


. tn bMS 


Fig, 292. Fiaq. 293. 


Consider now the stability of the periodic motions. The condition 


-for stability is 
us [2 
R Jo [ di < 0. 
~ r /LC = 


MS MS 
=e SP <9 


This leads to 


RC + - 

or 
, RC 
7 5 its 


From (48) and (49) this holds for b < 0 and fails for b > 0. Hence 
the limit-cycle is stable for b < 0 (Fig. 292) and unstable for b > 0 
(ig. 293). From (44) we see that AK vanishes with 6 and, when & = 0 
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(RC = MS/2), the limit-cycle goes to infinity. The minimum value 
is K = |b] (then for b < 0 sin & = —1). Thus we see that a limit- 
cycle appears instantaneously. When it appears Gvhen RC = MS), 


V 
i 
. SY | 
\ 
Fia. 294. 
Ty 
«b 
V 
Fig. 295. Fra. 296. 


the amplitudes must be smaller than b, 1.e. we have a center within 
the circle of radius b (Fig. 294). 

The above results may be easily applied to the ‘‘converse char- 
acteristics”? shown in Fig. 295 and 296. For simplicity we let —b be 
the distance from the origin to the bend in the curves. 

The equations have the same form as above, but their ranges of 
application are different: 
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ae 


d 


| 


vy > —b: vty 
(50) 
y<—b: U+ v 


| 
| 

ty 
aS 

©. 

+ 
Sis 
all % 

Lee 


Substituting v = —v1, we have 
C 
vi <b: hiacn-ibiet 


v, > 0: v+mn= 


| 

| 

ou 
sm 

= 

+ 
bs = 
SE 

= 


which is our previous system (42). Hence the preceding results apply 
directly to this case. 

The preceding cases are interesting, in spite of the fact that char- 
acteristics limited on one side cannot exist; for when considering a 
bend on the characteristic the farther portions of the characteristic 
may not matter and in the neighborhood of the bend the situation is as 
considered here. 


S6. INFLUENCE OF THE GRID CURRENT ON THE PERFORMANCE OF 
VACUUM TUBES 


In previous discussions of vacuum tube circuits we have always 
neglected the grid current. This assumption, which considerably 


Fira. 297. 


simplifies the problem, is often but not always satisfied. Without it 
the problem generally becomes more complicated in that the order of 
the differential equation describing the circuit is increased. ‘There- 
fore, when we consider problems involving a single second-order 
differential equation, we are not in general taking account of the grid 
current. In certain cases it is possible, however, to take account of it 
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without increasing the order of the equations, e.g. in the case of a 
vacuum tube with a tuned grid circuit (Fig. 297). 

We shall neglect the reaction and assume for simplicity that the 
characteristics of the plate and grid currents are third-degree poly- 
nomials in the grid voltage V,: 

1 = Lap + SiV, + S.V5 ae S3V5, 
lg = Igo + PiVg + poV 7 p3V5. 
By Kirchhoff’s law: 
, I . . dV 
lg = 11 — 12; vad | ina as ere 


; 1 
Lis + Rig f ieat— Mi, = 0 


Eliminating 2; from these equations, we find 


L(t, t+ 42) + Ri, + t2) + V, — MI, = 0 


or 
dV, d(V?) a2 d? re) 
u(r 2a OP + Op 
; : dV, 
+ tgo + PiVg + pPoV, + p3V; + C7 
dV, d(V2) d(V3 ue) 
ee u(s z — §; 7 0 


and, finally, 


dV, «= ES Bi) a (4, Bp) 
eo NG Te" 6) @ " ra 


_ = _ Bs) UVa) (38: n : d(V3) 
LC C/ dt LC C/ dt 


+ io + EV 24+ SR ys = 0. 
Let us set 
si — MS Di MS. pe MSs3 | Ds 
i, moe gee ieee 
i fips 


—~ =; wo(l + Rpi) = o}; 
Rps_. — ‘Feta 


LC.”’—si‘«‘*CdwS 


=n} 


LC. 
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With adequate assumptions about the magnitude of the coeflicients, 
our differential equation can be easily reduced to the form: 


E+ a = pf(z,4) 


where z is dimensionless and nis a small parameter. Since the van der 
Pol and Poincaré theories were developed on the basis of this param- 
eter, we can obtain general formulas representing the .periodic solu- 
tions, the correction for the frequency in first approximation, etc. 

However, we shall not use these formulas now, and rather obtain 
the results with a minimum of calculations. We assume V, = 
K sin Qt and introduce the ‘‘divergence”’ a?, 


2— 02 — .2 
ae = Q) Wy, 


and shall assume that ai, 81, y1, m, n, p, and a? are small (of the order 
of ») with respect to the frequency wo. The equation of motion then 
takes the form: 


dV, dV, d(V*) 


d(V?) 
QV. = pt ale “id 
ee eS Oe PL 


dt 
—nVi —mV3 — p+ aV,. 


(51) 


Y1 


To determine the amplitude and the correction for the frequency, we 
insert V, = K sin 2t at the right and annul the resonance terms of the 
equation. ‘Thus we obtain 


d7i1K FQ = 


Ka Q Ty 0, 
4 


3 
—m_ K++ aK = 0, 


which we can solve for K? and a? as: 


3 | 
(52) ke= —, nana, ie ae May 
aY1 4 Y1 


For the frequency we find 
Q2 = i de Kp, HOt: 
LC LC V1 
The process V, = A sin Q¢is stable if the constant term of the Fourier 
expansion of the derivative of the right side of (51) with respect to 
V, is negative (see (88)), 1.c. if the constant term of the expansion of 
a, + 28:V, — 3y1V5 is negative. This means: 


3 1 
a1—-- yk? < 0, K? >=. 
2 2 771 


3 
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This condition is always satisfied because of (52), so the periodic motion 
is always stable. Finally, the condition for self-excitation of the 
circuit is a, > O, or 
R MS 
ee 0, 
i LC 


i.e. with regard to self-excitation the effect of the grid current is that 
of an additional load on the circuit. 


S7. BRANCH POINTS FOR A SELF-OSCILLATORY SYSTEM CLOSE TO 
A LINEAR CONSERVATIVE SYSTEM 


We shall now discuss systems with equations of motion of type 
(53) i+ x = uf(x,4,d) 


where x is the coordinate of the system (displacement, voltage, etc.), 
u is the small parameter characterizing the approximation to a linear 
conservative system, A is a second parameter (for example an induct- 
ance) whose influence on the system we shall study, and f(z,2%,A) is a 
non-linear function defined by the physical nature of the resistances 
and the arrangements of the power supply. By Poincaré’s method 
we have shown that for small » ¥ 0 only isolated closed paths, similar 
to circles, remain in the plane. The radii A of these curves are given 
by 
2a 
(54) ee) = — 1 | f(K cos u,—K sin u,A) sin udu = 0. 


21 ‘ 


The other paths will be spirals, differing little from circles for small u. 
The periodic motions corresponding to the isolated closed paths are 
stable if 


1 2a 
(55) 5. I fy(K cos u,—K sin u,rA) du < 0. 
Tv 


We shall now show that the character of the stationary motions 
depends on the parameter in the same way as in the situation of 
Chap. II, §5. 

Set K? = p and write the left side of (54), after multiplication by 
2 +/p, in the form 


2 i ee , 
P(p,A) = — 7 [ f(~/p cos u,— Wp sin u,r) Vp sin u du. 
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AS a consequence 


7 1 ae = 
®,(p,A) = — on Vo ; Ce ./p sin u cos u + f, ~/p cos? u) du 


1 2a l in 1 2 
sal is ———= inudu = ——= : 
+z, sna 2a V/p J0 fee Fe V/p vikaieie 


1 Pag 1 Zn 1 2a 
+ =z |. fsinwdu + oe [ fy du — SEY Fe if fsin udu, 
and so finally 


_ 1 2a . 
P,(p,rA\) = i, f,(K cos u,—K sin w, d) du. 


Consequently, (54) and (55) can be written: 
@(p,4) = 0, (pA) < 0. 


These conditions are completely analogous to those (Chap. II, §5) for 
the equilibrium state of a conservative system; the only difference is 
that we must investigate, instead of the coordinates of the singular 
points £1, %2, - - : ,%, the squares of the amplitudes of the stationary 
motions fi, f2, °° * ,ps, Which include the limit-cycles (in this case 
similar to circles) and the singular point p = 0. 

Thus the stationary motions dépend on the parameter in the same 
way that the equilibrium states did before. We obtain sets of sta- 
tionary motions (instead of equilibrium states) which preserve their 
stability or instability up to the branch points. We have seen that 
the branch points have an important physical meaning; they cor- 
respond to the values of the parameter at which qualitative changes 
occur, e.g. occurrence or disappearance of oscillations, etc. The 
stationary motions described here, like the equilibrium states of the 
conservative systems, form a closed system of elements, between 
which there occurs an ‘‘exchange of stability.” 

Before investigating a concrete example we write down our form- 
ulas for determining the amplitudes and stability in the case when 
f(x,“,r) 1s of the form f(z,A)£, with f(z,A) a power series in x: 


f(z,r) = ao + aye + age? + age? + + +: , 


whose coefficients @0,a1, - - - are functions of A. By simple integra- 
tion, we find 


2 3 
B(p,d) = (cup + 8" 4. 0" 4 et ) 
(56) 


=) 3 
,(p,A) = (a + 3 - 8 Gap? -. iss 34 ). 
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S8. APPLICATION OF THE THEORY OF BRANCH POINTS TO THE 
PERFORMANCE OF VACUUM TUBES 
We shall discuss soft and hard excitation of vacuum tubes. To 
avoid repetition we consider a vacuum tube oscillator with a tuned 
plate circuit (Fig. 298). As usual we simplify the situation by neglect- 
ing the grid current and plate reaction. The equation of the current 
in the oscillating circuit is 


(57) LCi + RCi +i = % 
where 27, = $(V) is the plate current depending on the grid voltage V, 
bg 
a M 
(==) 36 | 
Oy 8 Bi 
2 as lig-i 
wtile_tia 
MU 
Fig. 298. 


where V = Mz. We shall assume that the characteristic of the tube 
is expressed sufficiently accurately by a polynomial of degree five: 
ta = $(V) = aoV + BV? + yoV? + 54 + eoV®. 
We introduce new variables: 
7 =t/ /LC, z= V/Vo 
where Vo is a constant voltage, e.g. saturation voltage, and choose 


B= BoVo VL/C Ay hich is also without dimension). Then (57) can be 
reduced to 


dx Af dx 
as ee ee 2 3 7G apie 
72 x we la + 2a + ya + 6x + e!} = 
where 
Mea — CR By Vo : 460V2 5eo V5 
SS —- 4 = P €¢e => 
BoVoM ‘i Bo Bo Bo 


are also dimensionless parameters and not small. 
By (56) the conditions for the amplitude and stability (up to a 
positive factor) can be written: 


(58) ®(p, Af) = (May — RC)p + Z70V 5 M p? a5 SeyVo Alp? = 0 
(59) ©,(p,M) = (May — RC) + 37 9V2M p + 436)Vi5Mp? < 0. 


332 NON-LINEAR SYSTEMS (Cr. TX 


The mutual inductance Jf is the parameter whose influence we wish 
to investigate. We must then construct the branch point diagrams 
po vs. Af for the soft and hard oscillations. We shall consider only the 
region Jf > 0 corresponding to the normal direction of the turns of the 
coil of the feedback coupling. It should be remembered that only 
the values p 2 0 have physical meaning; they correspond to the real 
amplitudes of stationary solutions. 

To simplify the discussion we shall always make such assumptions 
about the coefficients of 7 as to have the simplest mathematical 
idealization. 

1. Soft generation of oscillations. The assumptions ao > 0, 
vo < 0, eo = O are simplest in this case. Letting 


2 
syoV5 == s— a (a > 0), 
we can write 


(60) ®(p,M) = {May — RC — all p}p 


This shows that in the p,jf-plane the branch point diagram breaks up 
into a straight line p = 0 and a hyperbola: May — RC — all[p = 0. 


Fig. 299, 


Condition (59) allows us to isolate the regions in the p,J/-plane 
where ®(p,1/) > 0 and, by the general rules of Chap. V, §8, to deter- 
mine the stable (black circles) and unstable (light circles) portions of 
the scheme (Fig. 299). 

The branch point of Jf is Af; = RC/ao in which the arcs corre- 
sponding to the straight line and hyperbola intersect. The straight 
line is stable up to AZ = JJ,, at which point the hyperbola becomes 
stable. Now let us consider the phase plane for different values of JJ. 
If AZ < Al, there is only one stable stationafy state, a stable focus 
(Fig. 300). The representative point moving along any of the spirals 
will finally reach the vicinity of the stable singular point. When df 
passes through W/,, a stable limit-cycle separates from the singular 
point (Fig. 301). The representative point previously at the equi- 
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librium state is transformed into a limit-cycle, because the equilibrium 
is unstable for AY > AZ,. In the language of physics, the system 
experiences oscillations and self-excitation occurs. When Af increases, 
the radius of the limit-cycle increases and tends to the asymptotic 


x 
©} 


Fira. 300. Fie. 301. 


x 
x 


value corresponding to p = a@/a. When Jf decreases, the system 
behaves in a converse manner, the limit-cycle shrinks, the representa- 
tive point “follows” the limit-cycle; and when AZ = JZ, (when the 
limit-cycle becomes a point), the representative point returns to the 
origin, which becomes then a stable focus. 


e 


branch point 


Mf cR ™ MiS=branch point 


= M me 
Fic. 302. Fig. 308. 


The apparatus measuring the amplitude of the oscillations as 
a function of AZ will register a smooth (‘‘soft’’) curve. ‘The passage 
from the state of rest to stationary oscillations and conversely will be 
continuous (without a jump), with a gradual change of the amplitude 


(Fig. 302). 
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2. Hard generation of oscillations. The assumptions ag > 0, 
yo > 0, 60 < O will exhibit the main characteristics of hard generation. 
Setting 

384,Vi =a (a> 0); SeV5 = —b (b> 0), 


we can write 
(61) (pM) = (May — RC + aMp — bMp?)p. 


In the (p,J/)-plane the diagram consists of the line p = 0 and the curve 
of third order, 
(62) M ao 7, RC + aM p —= 6AM p? ——ae @ 


The approximate situation of these curves, the regions where ®(p, 41) 


Fie. 304. 


> 0, and the stable (black circles) and unstable (light circles) portions 
of the curves are shown in Fig. 303. 
There are two positive branch points 


RC RC 


) i {= 


Mo = 


a 
ao + 4b 
Mo corresponds to the coming together and j/,; to the intersection of 
two arcs. 

Now consider the picture in the phase plane. When0O < J < MM, 
we have, as in the previous case, only one stationary motion, a stable 
focus at the origin (fig. 300). When ./ passes through .J/o, we obtain 
a pair of lmit-cycles (Fig. 304). The larger is stable, the smaller 
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unstable, and the singular point at the origin remains stable. When 
M increases further, the stable cycle increases and the unstable one 
decreases (Fig. 305) until, when Af = A‘y, it coincides with the singular 
point, which then becomes unstable (Fig. 306). The radius of the 
stable cycle tends asymptotically to the positive root of the equation 


ao + ap — bp? = 0 


obtained from (62) by dividing by M and making M— «~. This 
positive root 1s 


: at v/a? + 4bay 
_ 2b 


We can ask what the apparatus measuring the amplitude of the oscil- 


£ 


Fig. 305. Fie. 306. 


lations will register. To answer this we must examine the behavior, 
for small AZ, of a point in the neighborhood of the equilibrium state. 
Obviously this point will remain there as long as the state remains 
stable, 1.e. until 42 = M;. That two limit-cycles appear at AJ = Mo 
does not matter for our point because it does not affect the stability 
of the equilibrium. 

For Af > M,, the singular point is unstable; our point “‘jumps”’ 
when AZ passes through Af = M,, then moves according to the 
‘instructions given” by the paths and consequently comes to a stable 
limit-cycle on which it stays for all larger M@. When Af decreases, we 
obtain a completely different picture. Our point remains on the 
limit-cycle for 1 > M;. When M = M, the equilibrium remains 


336 NON-LINEAR SYSTEMS [Cn IX 


stable because this does not change the character of the limit-cycle 
along which the point is moving. When AZ passes through A/o, the 
point following the path passes to an cquilibrium state and remains 
there for all smaller Af. 

The apparatus measuring the amplitude of the grid voltage will 
register jumps at 42, when J/ increases and at Af when AJ decreases. 


—~ Mo M, 
Fia. 307. 


Fig. 309. 


The difference between the situation for increasing and decreasing Af 
means that our process has an irreversible ‘‘hysteresis-like’’ character 
(Fig. 307). | 

We have obtaincd branch point diagrams corresponding to soft 
and to hard oscillations in terms of a particular paramctcr, the coefh- 
cient of self-induction. Analogous diagrams can be obtained for other 
parameters charactcrizing our system. Figs. 308 and 309 represent 
branch point diagrams p vs. PR, where F? is the ohmic resistance, for 
cases of soft and hard working conditions. The corresponding rcla- 
tions can be derived easily from (60) and (61). 


APPENDIX A 
Structural Stability 


There has been introduced in Chapter V a notion of structural 
stability for the case when the right-hand sides of the differential 
equations are polynomials. We return to the question here from a 
somewhat broader standpoint and with the main object of giving 
additional mathematical information (without proofs). Comple- 
mentary references are: Andronow-Pontrjagin, Leontowitch-Maier, 
both in Comptes Rendus (Doklady), Acad. Sc. U.S.S.R., Vol. 14, 1937. 

Let us suppose then that we are dealing with an autonomous system 


(1) é=P(ry), y= Qa,y) 


where this time P and Q are merely analytic within and on the bound- 
ary of a region 2. The boundary is supposed to be a simple closed 
curve. 

The vector (P,Q) is referred to as the velocity vector: understood 
of the representative point Af(z,y) of the system. An arc dX is said 
to be without contact whenever the velocity vector is neither zero nor 
tangent to >} at any point of A». Similarly if these properties hold 
for every point of a- single closed curve y we say that y is a cycle 
without contact. ‘The terms and concepts go back to Poincaré who 
utilized them extensively in his fundamental paper. 

It is required to isolate a class of systems which, above all, have a 
rather permanent phase portrait within the region 2. The physical 
necessity for this 1s fairly clear; in physical problems one never knows 
exactly what the functions P and Q are and so one will naturally 
exclude systems which are affected by ever so slight a modification of 
these functions. Moreover in all physical problems the basic magni- 
tudes (current, voltage, displacement, velocity) remain finite. One 
is only concerned with finite regions and regions which do not vary 
throughout the discussion. These observations Justify the following 
conditions to be imposed upon the system: 

I. The boundary G of the region of analyticity 2 of P and Q is a 
cycle without contact. 

One must select Q large enough to include all the “practically’’ 
reachable values of x and y (all the practically reachable points of the 
phase plane). 
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II. Corresponding to 2 there exists an « > 0 such that if at all 
points of 2 and G the functions p,q are analytical and 


(2) In(xy)| <e, — {a(a,y)| <« 
then the modified system 
(3) t=P+p, y=Q4¢ 


has the same phase portrait, qualitatively, as the initial system (1). 

A system (1) which posscsses both properties I and II is said to be 
structurally stable in Q. This imposes a number of far-reaching restric- 
tions on the system, and hence restricts very greatly the phase portrait 
in 2. A few of the restrictions are: 

A. There are only simple singular points in Q, that is to say only 
points in which the real parts of the characteristic roots are + 0. 

B. If y is a limit-cycle in 2 with related periodic solution x = f(t), 
y = g(t) and pcriod T then the characteristic exponent 


T 
no) =A fo Pe Odd, 2 =f0, v= 900 


does not vanish. 

C. Therc exists no separatrix in 2 joining two saddle points. That 
is to say if 6 is a separatrix issued from a saddle point when followed 
in one dircction then it cannot tend to anothcr saddle point when 
followed in the other direction. 

D. The following converse property holds: Let (1) be analytic 
in a region 2 and on its boundary G and let G be a cycle without con- 
tact for the system. Moreover let properties A,B,C hold relative to 
©. Then the system (1) 1s structurally stable relative to Q. 

There arc also noteworthy consequences of structural stability 
for the limits towards which paths tend in the region 2. Let us call an 
ordinary path one which jis neithcr a singular point nor a limit-cycle. 
We observe at once that when the system is structurally stable then: 

Kk. The only possible singular points in 2 are nodes, foci, and 
saddle points—the types considered in Chap. I. 

F. The only possible limit-cycles in 2 are those which arc stable 
on both sides or unstable on both sides. 

G. The ordinary paths in Q fall under the following categories: 


leaving an unstable focus or node, 
entering the region Q, 

tending to a stable focus or node, 
tending to a stable limit cycle. 


Separatrices 
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Paths tending to a{lecaving an unstable focus or node, 
stable focus, node {leaving an unstable limit cycle, 
or limit-cycle entering 2. 


The various possibilities are illustrated in Fig. 310. 
H{. Any ordinary path passing sufficiently close to an ordinary 
path y in 2 behaves exactly like y in the sense described in G. 


APPENDIX B 
Justification of the van der Pol 
Approximations 


The van der Pol method consists essentially in the following: 
given a system with terms periodical in the time, these terms are 
dropped making the system autonomous. Thus the system (2) of 
Chap. IX is replaced by the system (3) in the same chapter and it is 
to be shown that for a sufficiently large time 7’, the solutions of the 
two systems with the same initial conditions remain quite close 
together provided that the parameter is sufficiently small. For 
simplicity we shall merely corisider a single equation. The systems of 
several equations may be treated in similar manner. (The original 
Russian contains a rather long proof attributed to Mandelstam and 
Papalexi and gives a reference to Fatou. The short proof here given 
is due to the editor.) 

We shall prove a somewhat more general result which may be 
stated thus: Consider the equations 


(1) ad = uf(a) 
(2) i = u(f(a) + g(a,t)) 


where f and g are analytic for ¢ > 7 and |a| < A and suppose that for 
Ta: OS wa, (1) has an analytic solution a(t,u) such that a(to,u) = do, 
ty > 7, where for all values considered |a(t,u)| < A. Then given any 
e,/’ positive one can choose an 7 so small that (2) has a solution 
a(t,u) such that @(to,u) = ao and that forO <u <n, to StS t+: 


(3) }G(t,u) — a(t,u)| <e. 
To prove this property consider the auxiliary equation 
b = uf(b) + rg (0,2), 
and take any woinl/,. By a well known theorem due to Poincaré (see 


Lefschetz, Lectures on differential equations, p. 35) there is a solution 
b(t,u,v) such that b(to,u,v) = ao and numbers 7,¢ > 0 such that 


lb(t,u,”) — a(t,uo)| < $e 
for fo St S tp + T, and 


Ty: po-n<e< pot, Ir: OS v <f. 
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Again applying Poincaré’s theorem, this time to a(t,u), one may choose 
n so smal! that for » in J, and t) < ¢ < fo + T we have 


la(t,m) _ a(t, i0)| < 5€. 
Hence for the same range of y,»,t we will have 
(4) lb(t,u,») — a(t,n)| << 


The number 7 depends actually upon po. However since po varies 
over a Closed interval, namely /., by the Heine-Borel theorem, one may 
cover 7, with a finite number of intervals Jj, - - - , Ij, with associ- 
ated I;,, - - - , Ig, such that (4) holds for pin J), and vin Jz. Let p be 
the least of the numbers 7:,¢;. Then (4) will hold for 0 < p < p, 
O<v<p. Hence for 0 < p < p, a(tu) = O(t,u,u) will be a solution 
of (2) such that (3) holds for to) < ¢ < to + T. Thisis the result which 
we had in view. 

The extension to any number n of equations is automatic; one 
has only to consider a,a,b,f(a),g(a,t) as n-dimensional vectors, and 
interpret inequalities such as |b — al < e as referring to vector norms. 
(For details regarding these concepts see Lefschetz, op. cit., p. 11.) 
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[he van der Pol Equation for Arbitrary 


Values of the Parameter’ 


Let us take the van der Pol equation in the form 
(1) G+ wz? — lt+2z=0 


where x represents a current. The considerations of Chap. IX were 
confined to small values of the parameter. We have also mentioned 
that Liénard has shown that whatever u there is a unique periodic 
solution z(t). There is a long standing surmise regarding the nature 
of Z(t) asu—-+o. The correctness of this surmise was established 
recently by Flanders and Stoker (Studzes in non-linear mechanics, 
Institute of Mathematics and Mechanics, New York University, 1946). 
Their results in turn have been extended and given more precision by 
J. LaSalle who has obtained information valid for all values of u. 
We merely propose here to describe his results as they apply to van der 
Pol’s equation. 

Following Flanders and Stoker it will be found more practicable 
to replace van der Pol’s equation by one due to Rayleigh. This may be 
done as follows. If 2 denotes the charge we will have x = 2 and so 


(2) + u(2—-De+2=0. 


Integrating we have 
33 
r+u(2- tenn. 


As far as the periodic solutions are concerned we may replace z by 
z +h and thus obtain Rayleigh’s equation 


(3) stu(2-2) 42-0. 


We replace (3) in the usual manner by 


73 
(4) Z2= 4%, t= —p are — 2 


1 The material contained in this Appendix is essentially based upon the work 
of J. LaSalle. 
343 


od¢4 APPENDIX C. THE VAN DER POL EQUATION 


and follow this by the change of variables z = uy, t = r/u, u = 1/e, so 
that (4) is replaced by 


r dx (= :) dy _ 
— = —{— - — —~ = ¢€77. 
9) dr 3 yi dr 


The periodic solution of (1) corresponds to the (unique) limit-cycle I 
of the system (5) and it is its position that we propose to discuss, with 
particular emphasis on its behavior as » — + ©, or which is the same 
as e— 0. 

The advantage of the various transformations performed is that 
the first relation in (5) is independent of e, and thus provides us with 
a fixed ‘‘element”’ as € varies. We shall utilize it to obtain some idea 
as to what happens to the limit cycle when e — 0. 

It is very advantageous to utilize the graph 


73 
sy=-(E-2 


which is shown in Fig, 311. It is in fact the isocline corresponding to 
infinite slope, i.e. the locus of the points where the paths of (5) have 
vertical tangents. Along A the velocity of the representative point is 
thus vertical, upwards to the right of the y-axis, downwards to its 
left. Away from the curve and for e very small the velocity of the 
representative point is almost horizontal, towards the right below A 
and towards the Icft above it. It follows that wherever the repre- 
sentative point may start it will tend towards AZ on AID or towards 
M’on M’D’. Having reached however say J along A (or very near A) 
it cannot proceed along A towards the origin and must follow (more or 
less) the horizontal AYA’, then beyond A’ the are A’AL’, ete. It will 
thus describe approximatcly the closed curve Ip which is the surmised 
limiting curve of the limit-cycle I as e — 0. 

Flanders and Stoker established this limit property by constructing 
an enclosure (a band) containing Ip whose width — 0 with ¢ and show- 
ing that for e sufficiently small [ will have to be in the enclosure. 
LaSalle constructs for every ean enclosure 2 containing I. It is alsoa 
band but instead of containing Ty its inner boundary abuts on Mp and 
here again the width of 2 — 0 with e, and 2 >To, proving again that 
I —TY >. However there is an enclosure for every ¢ and this leads to 
estimates for amplitude and period in terms of ¢ or » whatever u. 

The construction of LaSalle is clear from Fig. 312. The arc ENDL 
is a quadrant of an ellipse whose center is C and axes CL and CE. 
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The arc J HF is constructed by augmenting the ordinates along the arc 
JABMG by ¢V/a? — x. The band 2 is symmetrical with respect to 
the origin and limited to the left by the are ENLBMG and to the 
right by the arc P/HF. ‘The inner_boundary is only suitable when L 


y 


aa | 
MY, 


Fia. 31. 


is not above B, i.e. when e = slope EL < slope HB = $- 1/+/3, i.e. for 
wu > 3+/3/2=2.6---. For all values of € (or ») one may choose 
for inner boundary the ellipse of center O whose horizontal axis 1s 
OB = ~/3 and whose vertical axis is ¢ \/3. 

Both Flanders-Stoker and LaSalle show that there is a limit-cycle 
within their enclosures by proving that along the inner and outer 
boundaries the velocity vector of the representative point (the vector 
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whose components are the right-hand sides of (5)) points towards the 
interior of 2. Since 2 contains no singular point, the Poincaré 
theorem (theorem IV, p. 209) asserts that it contains a limit-cycle and 
since there is only one, the unique limit-cycle [ is contained in 2. 


y 


x 2 
ays-5 
X 
Tce a Se at a 
3 
a 3 
Bo ee 
y = 1 3 
Fia. 312. 
It is evident from the figure that the amplitude of z is less than PJ 
which is the largest z of an intersection point of y + § = —ez with 


the curve A. This is also the largest positive root of 
c—30U+6¢6r2 —2=0. 
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For e = 0 this largest root is 2 and this is the amplitude of the limiting 
periodic motion ase— 0. It was already given earlier by van der Pol. 

By a refinement of the above enclosure method one may obtain for 
0, the r time that the representative point takes to describe I, van der 
Pol’s relation 

lim, .9¢7@ = 3 —2log2=1.61--:- 
Since t = r/p = er, the ¢ time T that it takes to describe I, which is 
the period of the periodic motion will be given by 
lim eT = 3 — 2 log 2. 

That is to say for e small, or » large 
. 38 — 2 log 2 


€ 


T = 1.6ln. 


Roughly speaking then T is of the order of magnitude of z. 
9 a . 


Fie. 313. 


It is interesting to outline the graph of the periodic motion Z(t). 
We infer from (4) that 1s very small near A and very large away from 
it. Thus the parts of IP which are almost horizontal will be described 
very rapidly and those very near Ip (close to its curvilinear parts) will 
be described comparatively slowly. Thus the graph has the general 
aspect of Fig. 313 with an alternation of nearly horizontal and nearly 
vertical arcs. The resulting wave form is typical for relaxation 
oscillations. 

For further details and a complete discussion the reader is referred 
to a paper of J. LaSalle (in a forthcoming number of the Quarterly 
Journal of Applied Mathematics). 
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INDEX OF PHYSICAL EXAMPLES 


I. MECHANICAL SYSTEMS 


Clock, theory of, 118 
Degenerate case of small mass and large friction, 36 
Elastic ball between two solid walls, 154 
Friction 
1. Constant friction, 107 
2. Oscillator with linear force and linear friction, 241 
3. Oscillator with linear force and negative friction, 44 
4. Oscillator with special force of friction, 104 
Harmonic oscillator, 5 
Mass on circle rotating diametrically about vertical axis, 75 
Mass on parabola rotating about vertical axis, 78 
Massless spring, 38 
Pendulum 
. Frictionless, 12 
. Near unstable equilibrium, 53 
. Under constant momentum with linear friction, 248 
. Under constant torque with linear friction, 287 
. With large deviations and linear friction, 103 
. With negative friction, 45 
Prony brake, oscillation of, 157 
Rectilinear motion urider special law of force, 80 
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II. ELECTRICAL SYSTEMS 


Are 
1. Fed through series RF and L, 149 
2. Fed through series R and parallel C, 178 
3. Fed through series R, parallel C and series L, 199 
4. With stray impedance, 281 
Feedback amplifier as an oscillator 
1. Continuous oscillations by RC coupling of Heegner, 272 
2. Parameter transitions, 253 
3. LC coupling, 56 
4. RC coupling used to illustrate one parameter transition from continuous to 
discontinuous oscillations, 193, 278 
5. RC coupling with stray L, 284 
Generators, parallicled d-c, 233 
Motion of current-carrying conductor, 81 
Motor 
1. Single-phase induction, 152 
2. Synchronous, 300 
Multivibrator 
1. RC in fedback amplifier, 171 
2. RL in fedback amplifier, 176 
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3. Symanetrie crreuit usta WC, 27 
4, Above with 2. int plute lond, 277 
Neon tube fed through series @onnd parnadiel C, 103 
Trianpguhu wave generator of Frachnauf, 267 
Triggered sweep crreutt, 227 
Tuned LOM eirewut 
1. fa grid’ ctreuit of vacuuii tube with continuous chareeteristic, 224, 800 
2. Tn grid cirentt of vacuum (abe with diseomtinuois cinemas. 126 
3. Tn phlite etreuit of vaeunim tube with continuous echarneteristic, 331 
ton plate etreuit. of vacuum tube with discontinuous charnetoritie, 112 
5. Wath Con funetion of the charge, 92 
6. With trom core 1, 89 
7. With Tinesr parrineters, 15, 89 
8. With vacuui tube ctreuit to provide negative resistanee, 46 
Vacuum (abe osetilator under soft: conditions, 2-46 
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amphtude of harmonic oseilater, 6 
analytic funetion, 61 
angular frequeney of harmome oseilla- 
tor, 6 
apenodic process, damped oscillatory, 
16 
motions for damped, 24, 30 
paths for damped, 27, 30 
representation on the phase plane for 
damped oscillatory, 26 
stability of equilibrium for, 20, 30 
approximate methods of tutegration, 248 
approxmmation, first, 108 
approximation method of van der Pol, 
302 
equations for, 303 
justification of, ddl 
arc without contact, 337 
asymptotic stabrhty, 23 
autonomous system, 9, (82 


Bendixson’s critenon on limit-cyeles, 
227 
bifurcation, 73 
branch pomts, 73, 217 
for eertain. self-oseilating systems, 
329) 
for non-linear conservative systemy, 
73 
broken line characteristie, method of 
small parameters for, 321 
Brown system = for changing a dry 
friction effeet into a liqnid: frietion 
effect, 112 


capacitance, stray, 41, 150 
Cauchy’s existence theorem, 62, 140, 
184 
center, 10 
characteristic equation, 185 
relation between its cocflicients aud 
its roots, 192 
relation between its cocfhieients ond 
nature of smguilar pomt, £03 
relation between its cocMieients and 
stability of singular point, 198, 100 
characteristre roots, 185 
complex, 190 
influence on the nature of the sigue 
larity, 192, 103 


charneteristie roata, ino atruetarnally 
strble sytem, (O08 
Lanpounolt’s theorem oan their redia- 
tiow to atability, 140) 
of opposite sigan, (90 
of the sxnie sign, (87 
Closed path, S82 
index of a, 201 
Pornear(’s theorem ou oniambher af 
Midler potty on conmervative 
yvatein interior to, 70 
relation to adigiular potrtea, 20-41 
coherent, larinone, €t8 
comheront of frietiou, 108 
conditional pertod, 16 
condition of the junip, bsp 
relation to energy, $7 
conditions, for a discontinuity, 37 
for nv jump, dt, 87 
hard ageratiy, in nn oseilatery nye 
tem, P26 
initial, ther relation to degenerate 
lhucar systenia, 6 
sof, operating, inno oneilatory nyse 
tems, (26 
conservative oscillatory ayatems, 6 
conservative syatenisa, eonitrncetion of 
pratha in, 6% 
cylindrical phose apres for, 287 
generalized, (i 
generalized, miexaniple, OM 
non-lnenr, sce non-linenr conserve 
live AYALCINS 
orbital stability of pertodie niotioun 
inn, 9 
periodic notions tu, Vt 
Voincaré’s theorein On tle staged 
poiuta intertor ton eloned pach in, 
70 
with one depres of freedom, 61 
constant frietion, 107 
phase portrait for, (10 
construction of onths an cooservative 
ayAtetns, 65 
Conlon) frietion, 107, TOS 
eyele without contnet, 637 
cycles, linoit, see Tnniteeyelen 
cylindrical plage apace, 287 
for conservative ayatema, 247 
for non-conservative myrbenia, 20 
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cylindrical phase space, limit-cycle on, 
288 
limit-cycles of the first and sccond 
kinds in, 288 


damped aperiodic process, oscillatory, 16 
oscillatory, representation on the 
phase plane, 26 
motions for, 24, 30 
paths for, 27, 30 
damped harmonic oscillator, motions 
for, 18 
paths for, 19, 21 
stability of equilibrium for, 22 
damped oscillation, 17 
representation on the phasc plane, 18 
damped oscillatory process, 16 
damping coefficient, 16 
degenerate lincar systems, 31 
comparison with non-degenerate sys- 
tem, 33, 35 
relation to initial conditions, 35 
discontinuity conditions, 37 
discontinuous oscillations, 253 
dissipative non-conscrvative systems, 
102 


energy, change of, in mechanical sys- 
tem or clectrical system under 
jump, 139 
equation, characteristic, 
teristic cquation 
equation for the radii of generating 
circles of periodic solutions, 306, 
318, 330 
stability of the radu, 306, 319, 330 
equations of dynamics, Hamilton, 87 
Lagrange, 86 
equations of variation, 206 
equilibrium, its instability in lincar sys- 
tems with rcpulsive force, 5-4 
scmi-stable, 148 
stability of, see stability of equilib- 
rlum 
stable, Lagrange’s minimum theory 
for, 69 
state, 11 
existence theorem, Cauchy’s, 62, 140, 
184 
with a parameter, 216 


see charac- 


first approximation, 198° 
focus, 22 

stability of, 22 

stable, 23 
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forec, gencralized, sce gencralizcd force 
Fourier series for self-oscillations in 
vacuum tubes with discontinuous 
charactcristic, 118 
Friction, Brown system for changing a 
dry friction effect mto a liquid 
friction effect, 112 
coefficient, 108 
constant, see constant friction 
Coulomb, 107, 108 
linear, 15 
linear oscillator with, 15 
type of negative generalized forcc, 
104, 106 
function, analytic, 61 
holomorphic, 62 
periodic, 16 


gencralized conservative systems, 95 
an example, 99 
gencralized force, 102 
of negative friction type, 104, 106 
generation, soft, of oscillations under 
variation of a parameter, 332 
hard, of oscillations under variation 
of a parameter, 334 


Hamilton’s cquations of dynamics, 87 
hard gencration of oscillations under 
variation of a parameter, 334 
hard operating conditions in an oscilla- 

tory systcm, 126 
hard operation, oscillator in, 313, 334 
harmonic coefficient, 118 
harmonic oscillator, 5 
amplitude of, 6 
angular frequency of, 6 
charactcristic equation for, 15 
motions for damped, 18, 22 
motions for undampcd, 12 
paths for dampcd, 19, 21 
paths for undampcd, 8, 11 
phase anglc of, 6. 
stability of equilibrium for dampcd, 
22 
stability of equilibrium for 
dampcd, 15 
holomorphic function, 62 


un- 


indcx of a closcd path, 211 
index, Poincaré’s, 210 
analytical expression for, 211 
for a closed curve, 210 
for a singular point, 210 
propertics of, 211 
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inductance, stray, 41 
infinity, behavior of the path at, 238 
application to limit-cycles, 2438 

initial conditions, their relation to 
degenerate linear systems, 35 

instability of equilibrium in linear sys- 
teins with repulsive force, 54 

integral invariant, 87 

integration, approximate methods of, 
248 

isocline, 10 

isoclines, method of, 248 


jump, change of energy in mechanical 
system or electrical system, 139 
condition of the, 34, 37, 139 


Koenig’s theorem on oscillations, 125 


Lagrange, equation’s of dynamics, 86 
minimum theorem for stable equilib- 
rium, 69 
Liapounoff, stability for periodic mo- 
tion, 204 
stability of equilibrium, 13 
theorem on the relation of charac- 
teristic roots to stability, 199 
limit-cycles, 182 
appearance around focus, 217 
application of behavior of the path at 
infinity to, 243 
arising out of a separatrix, 227 
Bendixson’s criterion on, 227 
finiteness of the number of, 209 
of the first and the second kinds in a 
cylindrical phase space, 288 
on cylindrical phase-space, 288 
orbitally semistable, 204 
orbitally stable, 204 
orbitally unstable, 204 
Poincaré’s theorems on, 208 
position of, 245 
in van der Pol’s equation, 343 
stable, 204 
systems without, 227 
their sufficiency conditions for certain 
type, 288 
unstable, 204 
van der Pol, 252~2538 
linear friction, 15 
linear non-conservative systems, im- 
possibility of periodic motions 1n, 
60 
linear oscillator, 15 
with friction, 15 
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linear oscillatory system, 5 
linear systems, 5 
degenerate, see degenerate linear sys- 
tems 
non-degenerate, comparison with de- 
generate, 33, 35 
linear systems with negative friction or 
negative resistance, 43 
electrical example, 46 
limited range of applications, 49 
mechanical example, 44 
paths, 48 
phase portrait, 49, 50 
representation on the phase plane, 47 
linear systems with repulsive force, 52 
electrical example, 56 
instability of equilibrium, 54 
mechanical example, 53 
motions, 54 
paths, 54, 58 
phase portrait, 55 
representation on the phase plane, 53 
linear transformation of the plane, 17 
logarithmic, decrement, 16 
increment, 48 
spirals, 19 


motion, 7, 187 
on phase line, 145 
motions, for damped aperiodic process, 
24, 30 
for damped harmonic oscillator, 18, 21 
for undamped harmonic oscillator, 11 
periodic, see periodic motions 


negative friction type, generalized force 
of, 104, 106 
negative half-path, 184 
node, 29 
stable, 29 
non-conservative system, 102 
cylindrical phase space for, 293 
dissipative, 102 
self-oscillating, 102 
non-degenerate linear systems, com- 
parison with degenerate systems, 
33, 35 
non-linear conservative systems, 61 
branch points in, 73 
construction of paths, 65 
infinite branches of the paths, 69 
near singular points, 65 
periodic motions in, 94 
phase portrait for, 69 
stability of, 95 


306 


non-linear systems, quantitative inves- 
tigation of, 302 


orbital stability, 95 
of periodic motions in conservative 
systems, 995 
order of a singular point, 198 
oscillations, damped, 17 
discontinuous, 253 
Koenig’s theorem on, 125 
rcprescntation on the phase plane, 18 
oscillations, relaxational, 137 
electrical example, 163, 171 
mechanical cxample, 154 
oscillations under variation of a param- 
eter, hard gencration of, 334 
soft generation of, 332 
oscillator, harmonic, see harmonic oscil- 
lator 
in hard operation, 313, 334 
in soft operation, 246, 309, 320; 332 
linear, 15 
with friction, 15 
oscillatory parameters, 16 
oscillatory process, 16 
damped apcriodic, 24 
representation on the phase plane of 
damped aperiodic, 26 
oscillatory system, 5 
conservative, 5 
hard operating conditions in, 126 
linear, 5 
soft operating conditions in, 126 


parameters, method for broken line 
characteristic for small, 321 
oscillatory, 16 
parasitic, their relations to stability, 
253, 279, 286 
Poincaré’s method of small, 315 
stray, 41 
parasitic parameters, relations to stabil- 
ity of, 253, 279, 286 
path, 7, 182 
path, behavior at infinity, 238 
application to limit-cycles, 243 
path, closed, see closed path 
limiting configurations of the, 208 
negative half, 18-4 
positive half, 18-4 
paths, cannot cross, 184 
construction in conscrvative systems, 
65 
construction in non-linear conserva- 
tive systems, 695 
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paths, for damped aperiodic process, 


28, 31 

for damped harmonic oscillator, 19, 
21 

for undamped harmonic oscillator, 8, 
11 


infinite branches of, in non-linear 
conservative systems, 69 
of linear systems with negative fric- 
tion or negative resistance, 48 
their slopes tending to saddle point, 
199 
period, 16 
conditional, 16 
periodic functions, 16 
periodic motions, 9 
characteristic exponent of, 206 
impossibility in linear non-conserva- 
tive systems of, 60 
in conservative systems, 94 
in non-linear conservative systems, 95 
Liapounoff stability for, 204 
orbital stability in conservative sys- 
tems of, 95 
stability of, 203 
periodic solutions: 
equation for the radii of gencrating 
circles of, 306, 318, 330 
limit in van der Pol’s equation, 343 
Poincaré’s method for the stability 
of, 319 
stability of the radii, 306, 319, 330 
perturbations, method of, 315 
phase angle of harmonic oscillator, 6 
phase line, 32, 140 
motion on, 145 
phase plane, 6 
near singular points, 64 
phase portrait, 7, 182 
for constant friction, 110 
dependence upon a parameter of, 215 
of linear systems with negative fric- 
ti n or negative resistance, 49, 50 
of linear systems with repulsive force, 
aT) 
of non-linear conservative systems, 69 
of self-oscillations in vacuum tubes 
with discontinuous characteristic, 
116 
phase space, 7 
cylindrical, see cylindrical phase space 
phase velocity, 7, 8 
Poincaré’s index, 210 
analytical expression for, 211 
for a closed curve, 210 
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Poincaré’s index, for a singular point, 
210 
properties of, 211 
Poincaré’s method, for the stability 
of periodic solutions, 319 
of small parameters, 315 
Poincaré’s theorem, on limit-cycles in 
certain regions, 208 
on number of the singular points 
interior to a closed path in a 
conservative system, 70 
point, branch, see branch points 
point-paths, 184 
point, representative, 7 
points, saddle, see saddle points 
singular, see singular points 
positive half-path, 184 
properties of structurally stable sys- 
tems, 338 


quantitative investigation of non-linear 
systems, 302 


radil, equation for the, of generating 
circles of periodic solutions, 306, 
318, 330 
stability of the, 306, 319, 330 
relaxational oscillations, 137, 343 
electrical example, 163, 171 
mechanical example, 154 
representative point, 7 
velocity of the, 62 
repulsive force in linear systems, see 
linear systems with repulsive force 
roots, characteristic, 185 
complex, 190 
influence on the nature of the singu- 
larity, 192, 193 
in structurally stable systems, 198 
Liapounoff’s theorem on their rela- 
tion to stability, 199 
of opposite sign, 190 
of the same sign, 187 


saddle point, 54 
slopes of paths tending to, 199 
self-oscillating systems, 131 
branch points for certain, 332, 334 
non-conservative, 102 
self-oscillation, 116 
self-oscillations approximately sinusoi- 
dal, 132 
method for determining approxi- 
mately their resonance, amplitude, 
and frequency, 132 
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self-oscillations in vacuum tubes with 
discontinuous characteristic, 112 
Fourier series for, 118 
phase portrait of, 116 
semi-stable equilibrium, 14 
separatrix, 70 
singular point, of order n, 198 
order of a, 198 
relation between coefficients of char- 
acteristic equation and nature of, 
193 
relation between coefficients of char- 
acteristic equation and stability of, 
193, 199 
singular points, 9, 182 
influence of parameter on, 217 
non-linear conservative systems near, 
64 
of higher type, 198 
Poincaré’s theorem on, 70 
relations of closed path to, 214 
simple, 198 
sinusoidal  sclf-oscillations, approxi- 
mately, see self-oscillations ap- 
proximately sinusoidal 
small parameters, their method for 
broken-line characteristic, 321 
Poincaré’s method of, 315 
soft generation of oscillations under 
variation of a parameter, 332 
soft operating conditions in an oscilla- 
tory system, 126 
soft operation, oscillator in, 246, 309, 
320, 332 
solutions periodic, see periodic solutions 
spirals, logarithmic, 19 
stability, asymptotic, 23 
Liapounoff, for periodic motions, 204 
stability of equilibrium, 12, 147 
according to Liapounoff, 14 
definition of, 13 
for aperiodic process, 29, 30 
for damped harmonic oscillator, 22 
for undamped harmonic oscillator, 15 
stability, of non-linear conservative 
systems, Yo 
of periodic motions, 203 
of periodic solutions, 
method for the, 319 
of singular point, relation between 
it and coefficients of characteristic 
equation, 193, 199 
of the radii of generating circles of 
periodic solutions, 306, 330 
orbital, see orbital stability 


Poincaré’s 


stability, relations of parasitic paura- 
meters to, 253, 279, 286 
structural, see struetural stability 
stable, equilibmum, Lagrange’s  iini- 
mun theorem for, 69 
focus, 23 
lamait-cyeles, 204 
node, 20 
state of equilibrium, 11 
stationury regimes in certain systems, 
209 
stray, capacitance, 41, 150 
inductanee, tt 
parameters, +] 
structural stability, §83, 3837 
charactenstic roots for, EMS 
structurally stable systems, properties 
of, 38388 
characteristic roots im, EOS 
systems, autonomous, {, E82 
conservative, see Conservative sys- 
teins 
linear, see near systems 
Hon-conservative, see Nob-conseryva- 
tive systems 
non-linear conscrvative, see 
linear conservative systems 
non-linear, Quantifalive mvestiga- 
tion of, 802 
oscillntory, see oscillatory systeim 
properties of structurally stable, 388 
systems, self-oscillating, 131 
branch pots for certain, 882, 334 
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